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diameter  obtained  by  mercury  porosimetry  for  pre-sintercd  (800°C)  60 
SiOj/SisN.  samples  cast  with  and  without  PS  particles 
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4.26B.  Plots  of  (a)  pore  volume  and  (b)  specific  volume  frequency  (dV/dD) 
versus  pore  diameter  obuiincd  by  nitrogen  gas  adsorption  for  60/40SiOVSijN'i 
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4.37.  SEM  micrographs  of  a fracture  surface  of  a 60/40  sample  (sintered  at 
BOOT,  2h).  (A)  Low  magnification  micrograph  shows  the  mirror-mist-ha 
pattern.  (B)  Higher  magnification  micrograph  shows  the  fracture  origin  wl 
is  a large  processing  defect  (powder  agglomerate) 


4.39.  Bright-field  TEM  images  of  50/50  microcomposite 
relatively  smaller  and  (B)  relatively  larger  core  particle 
thickness  is  ~28nm  for  both  particles 


4,40.  Bright-field  TEM  images  of  60/40  microcomposite 
relatively  smaller  and  (B)  relatively  larger  core  particle 
thickness  is  -38nm  for  both  particles. 
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relatively  smaller  and  (B)  relatively  lai 
thickness  is  -1 1 Onm  for  both  particles 
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4.48.  Plot  of  volume  fraction  SijNc  in  coated  particle  vs.  Si>N,  particle  diameter 

determined  on  composite  powder  with  an  overall  composition  of  30/70 
SiOi/SijNi. — 193 

4.49.  Plot  of  volume  fraction  SijN.  in  coated  particle  vs.  SijNc  particle  diameter 

determined  on  composite  powder  with  an  overall  composition  of  40/60 
SiOj/SijN, 1M 

4.50.  Plot  of  volume  fraction  SijN»  in  coated  particle  vs.  SijNc  particle  diameter 

determined  on  composite  powder  with  an  overall  composition  of  50/50 
SiOj/SijNt — 195 

4.51.  Plot  of  volume  fraction  Si|Nj  in  coaled  particle  vs.  SisNa  particle  diameter 
determined  on  composite  powder  with  on  overall  composition  of  60/40 

SiOa/SijN* 96 

4.52.  Plot  of  volume  fraction  SijN,i  in  coated  particle  vs.  SijNc  particle  diameter 

determined  on  composite  powder  with  on  overall  composition  of  85/15 
SiOi/SbN4 197 

4.53.  Plot  of  percent  reduction  in  shape  factor  after  coating  vs.  shape  factor  of 

core  particle  for  composite  powder  with  an  overall  composition  of  30/70 
SiOj/SijN. 200 


4.54.  Plot  of  percent  reduction  in  shape  factor  after  coating  vs.  shape  factor  of 
core  particle  for  composite  powder  with  an  overall  composition  of  40/60 
S t > Si  A,  - -201 

4.55  Plot  of  percent  reduction  in  shape  factur  after  coating  vs  shape  factor  of 
core  particle  for  composite  powder  with  an  overall  composiUoo  of  50/50 

SifVSiiN, 202 

4 56  Plot  of  percent  reduction  in  shape  factor  after  coaling  vs.  shape  factor  of 
core  particle  for  composite  powder  with  an  overall  composition  of  6O'40 
SitVSnN,  .203 


4.57.  Plot  of  percent  reduction  in  shape  factor  after  coating  vs.  shape  factor  of 
core  particle  for  composite  powder  with  an  overall  composition  of  85/1 5 
SiOr/SiiN. — — 


4.58.  Plot  of  percent  reduction  in  shape  factor  after  coating  vs.  shape  factor  of 
core  particle  for  composite  powders  with  overall  compositions  of  30/70, 
40/60.  and  50/50  SiOj/SijNi 
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ots  of  (a)  pore  volume  and  (b)  specific  volume  frequency  (dV/dD)  vs. 
.iameter  obtained  ftom  nitrogen  gas  desorption  isotherms  for  30/70 
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4.73.  Plots  of  relative  density  vs.  temperature  for  SiOi/SijN*  samples  heated  at 


4.75.  Plots  of  relative  density  vs.  temperature  for  60/40  SiCtySijNr  samples 

heated  at  three  different  heating  rates:  (a)~60C/min,  (b)~l  l°C/min,  and 
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4.80.  Plots  of  bulk  density  vs.  temperature  for  SiO.  and  SiOj/SirN*  samples 
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4.82.  Plots  of  composite  relative  density  vs.  sintering  time  for  composite  powder 
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4.85.  Plot  of  maximum  relative  density  vs.  amount  of  SijN*  for  composite 
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4.86.  XRD  plots  for  SiOj/SijN,  samples  heated  at  5°C/min  to  1500°C  and 

soaked  for  2h.  The  crystalline  peaks  (marked  a)  for  all  the  samples 
correspond  to  a-SiiNi 


compacts  and  composite  powder  compacts  with  SijNt  contents  in  the  range  of 
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4.88.  Hydrostatic  stress  in  the  matrix  normalized  by  the  sintering  pressure,  aJZ, 

vs.  matrix  relative  density,  p„.  for  the  indicated  volume  fractions  of  SijNj 

4.89.  Hydrostatic  stress  in  the  matrix  normalized  by  the  sintering  pressure,  aJZ, 
vs.  matrix  relative  density,  pm,  for  composite  powder  compacts  and  particle 


4.90.  SEM  micrographs  of  polished  and  etched  samples  prepared  from 
composite  powders  with  different  SiOz/SijNc  volume  ratios:  (A)  85/15,  (B) 

60/40,  (C)  50/50,  and  (D)  40/60.  Samples  were  sintered  at  1225°C  for  24h ..  .271 

4.91.  High-resolution  transmission  electron  micrograph  of  a 40/60  sample 
sintered  at  1400"C  for  2h.  The  lattice  fringes  depict  adjacent  SijNj  particles 

while  the  thin  (~5nm)  layer  separating  the  two  particles  is  amorphous  Si02 273 

4.92.  Plots  of  strain  rate  vs.  stress  for  compression  creep  of  S1O2  samples  at 

temperatures  in  the  range  of 900-1 100°C  — -276 

4.93.  Plots  of  strain  rate  vs.  stress  for  compression  creep  of  85/1 5 SiOr/SijNi 
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4 94  Plots  of  strain  rate  vs.  stress  for  compression  creep  of  6040  SiOj/SuNi 
samples  at  temperatures  in  the  range  of  I200-I275*C  - 278 

4 95  Plots  of  strain  rate  vs  stress  for  compression  creep  of  50/50  SKVSijN* 
samples  at  temperatures  in  the  range  of  1250-1  32S*C...  279 

4 96  Plots  of  creep  strain  rate  as  a function  of  inverse  temperature  for  SiO- 
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4.97.  Plots  of  creep  strain  rate  as  a function  of  inverse  temperature  for  85/1 5 
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4 98  Plots  of  creep  strain  rate  as  a function  of  inverse  temperature  for  60/40 
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4 1 00  Plots  of  strain  rate  vs  stress  for  60/40  SiOj/StjN.  samples  showing  the 
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4.101 . Plots  of  strain  rale  vs.  stress  for  the  compression  creep  of  composite 
samples  with  SiOj/SijN.  ratios  of  30/70. 40/60. 50/50,  and  60/40, 
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4.105.  Comparison  plots  of  the  normalized  linear  strain  rate  of  the  composite  vs. 
the  relative  density  of  the  matrix,  for  SiOj/SijN.  composites  containing  85 
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4.106.  Comparison  plots  of  relative  density  vs.  normalized  time,  x'  = (3/4x1 
Ty/qR'  for  composite  powder  compacts  used  in  this  study  and  simulations  of 
lagnta  ()ag94)  312 

4. 107  Plots  of  equivalent  viscosity  (from  cq  4 32)  vs  relative  density  for  SiOi 
and  composite  powder  compacts  JIS 
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4. 1 09.  Plots  of  normalized  viscosity  vs.  SijNi  volume  fraction  for  the  composite 
samples.  The  symbols  represent  the  experimental  data  whereas  the  solid  line 
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J-4.  Plots  of  adsorption  and  desorption  isotherms  for  Series  III  30/70B  powder 
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J-5.  Plots  of  adsorption  and  desorption  isotherms  for  Series  III  40/60B  powder 
heated  for  2 h at  1 00°C  in  vacuum  (degassed  for  ~6  h at  200°C  in  nitrogen) 397 

1-6.  Plots  of  adsorption  and  desorption  isotherms  for  Series  III  40/60B  powder 
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J-7.  Plots  of  adsorption  and  desorption  isotherms  for  Series  III  50/50B  powder 
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J-8.  Plots  of  adsorption  and  desorption  isotherms  for  Series  III  50/50B  powder 
heated  for  6 h at  600"C  in  air  (degassed  for  -6  h at  200°C  in  nitrogen).  .400 
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M-2.  XRD  plots  for  (A)  45/55  and  (B)  50/50  SiOj/SijN,  samples  formed  by 
oxidizing  Si3N.  compacts  at  1200"C  in  oxygen ..426 

M-3.  SEM  micrographs  (270x  magnification)  of  polished  cross-sections  of  the 
oxidation-derived  45/55  sample  sintered  at  1350°C  for  2 h.  (A),  (B)  and  (C) 
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notation  is  based  on  the  as-cast  configuration.  For  e.g.,  “top”  denotes  the 
region  of  the  cross-section  near  the  top  of  the  cast  sample.) .432 


M-4.  SEM  micrographs  (270x  magnification)  of  polished  cross-sections  of  the 
oxidation-derived  50/50  sample  sintered  at  1350°C  for  2 h.  (A)  and  (B) 
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N-l.  XRD  plots  for  36/64  SiO,/Si,N,  composite  powder  compact  sintered  at 

1400°C  for  2 h in  nitrogen  .445 

N-2,  XRD  plots  for  36/64  SiOi/SijN*  composite  powder  compact  sintered  at 

’.SOOT  for  2 h in  nitrogen  446 

N-3  XRD  plots  for  36/64  SiOi'Si.N.  composite  powder  compact  sintered  at 

I600T  for  2 h in  nitrogen  447 

N-4  XRD  plots  for  36/64  SiOj/SijN.  composite  powder  compact  sintered  at 

I6SC’C  for  2 h in  nitrogen  448 

N-5.  XRD  plots  for  16/64  Si( VSi,Na  composite  powder  compact  sintered  at 

1 750CC  for  2 h in  nitrogec  449 
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("microcomposite  particles")  containing  inner  cores  of  SijN,i  and  outer  coatings  of 
amorphous  SiOj.  Microcomposite  particles  with  overall  SiOj/SilN*  volume  ratios 
ranging  from  30/70  to  85/15  were  prepared.  Quantitative  microscopy  showed  that  for  any 
given  powder  batch,  the  average  area-based  thickness  of  the  coating  on  each  composite 

distribution,  the  smaller  composite  particles  had  relatively  higher  concentrations  of  SiOj 
and  larger  composite  particles  had  relatively  lower  concentrations  of  SiOj.  The  surface 
area  varied  between  powder  batches  of  samples  with  the  same  overall  composition  due  to 

generally  eliminated  upon  calcination  at  -600°C.  However,  samples  with  extremely  thin 
(~12nm)  coatings  retained  significant  amounts  of  porosity  after  heating  under  the  same 
conditions.  For  powders  with  overall  SiO;  contents  £ 40  vol%,  the  zeta  potentials  of  the 


: 40  vol%,  the : 


composite  particles  were  found  to  be  similar  to  that  of  SiO;.  In  contrast,  for  powders 
with  an  overall  SiOj/SijN*  volume  ratio  of  30/70,  the  zeta  potentials  were  significantly 
lower.  Further,  the  zeta  potential  increased  as  the  powder  was  calcined  at  progressively 
higher  temperatures.  Bulk  compacts  were  prepared  by  slip-casting  well-dispersed, 
aqueous  composite  powder  suspensions.  Powder  compacts  prepared  with  the  composite 
powdeis  showed  enhanced  densification  compared  to  compacts  prepared  from  a mixture 

revealed  that  densification  in  the  mixed  powder  samples  was  constrained  by  the 
development  of  rigid  networks  of  "non-sinterable"  SijNi  panicles.  In  contrast,  the 
controlled  spatial  distribution  of  the  phases  (core  + coating)  in  the  microcomposite 
particles  inhibited  the  formation  of  SijNi  panicle-particle  contacts  during  sintering. 
Compacts  with  Si)N4  contents  below  a threshold  value  (defined  as  the  •‘rigidity 
threshold")  of  -49  vol%  could  be  sintered  to  lull  density  (i.e.,  zero  porosity)  at 
temperatures  S 1300°C.  The  low  sintering  temperature  was  attributed  to  densification  by 
viscous  flow  of  the  Si02  coatings.  This  was  consistent  with  the  activation  energy  values 
obtained  from  conslant-hcating-rate  sintering  experiments  (-550  - 616  kJ/mol)  and  with 
the  activation  energies  of  deformation  obtained  fiom  compressive  creep  experiments  (529 
- 579  kJ/mol)  on  dense  composite  samples  with  60-85  vol%  SiOj.  It  was  shown  by  a 
geometrical  analysis  that  the  “rigidity  threshold"  is  numerically  equal  to  the  green  compact 
density  for  ideal  systems.  The  "rigidity  threshold"  for  the  SiOj/SijN*  composite  powder 
compacts  was  significantly  lower  than  the  theoretical  value  of  -60  vol%,  presumably  due 
to  the  experimental  non-uniformities  resulting  from  the  phase  composition  distribution  in 
the  composite  powdeis.  The  densification  data  did  not  follow  the  predictions  of  existing 
theoretical  models  (such  as  Scherer’s  self-consistent  model  and  Jagota's  finite-element 
model).  An  empirical  model  based  on  an  “effective  viscosity"  of  the  solid  material  for 
densification  was  formulated  to  predict  the  densification  behavior.  Composite  powder 
compacts  with  -9-10  vol%  closed,  isolated,  spheroidal  pores  (-1.9  pm  dia.)  were 


prepared  by  using  a mixture  of  microcomposite  panicles  and  polystyrene  (PS)  panicles. 
The  incoiporation  of  microporosity  resulted  in  a lower  dielectric  constant  (-4.4  at  1 
MHz)  compared  to  a fully  dense  sample  (-4.9  at  1 MHz)  with  the  same  SiOi/SijNj 
volume  ratio  (-60/40).  The  samples  had  the  same  loss  tangent  (2  x 1 0~*)  and  average 
flexural  strength  (183  MPa)  values.  SEM  observations  of  fracture  surfaces  suggested  that 
the  strength  values  for  these  samples  could  be  increased  by  reducing  the  concentration  of 
large  processing-related  flaws  (e.g.,  powder  agglomerates). 
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significant  improvements  in  properties  (c.g„  mechanical,  electrical,  thermal,  etc.)  [Bel  84, 
Bet86a,  Bet86b.  Bet90,  Cer90,  Che92,  Ult88],  However,  it  is  sometimes  difficult  to 
fabricate  such  composites  using  conventional  powder  processing  and  prcssuieless 
sintering  methods.  This  is  because  densification  of  a powder  matrix  is  usually  inhibited 
by  the  addition  of  rigid  ("non-sinterable")  inclusions.  Furthermore,  the  densification  rate 
will  be  controlled  primarily  by  the  inclusions  when  the  volume  fraction  is  sufficient  to 
establish  a contiguous  network  (i.e.,  percolation  path).  In  the  case  of  equal-sized  spheres 
that  are  randomly  mixed,  the  threshold  concentration  for  percolation  occurs  at  only  '16 
vol%  inclusions  [Zal83J. 


rix  phase  sinters  by 


viscous  flow.  Thus,  a particularly  effective  method  for  enhancing  densification  is  based 
on  using  composite  particles  in  which  the  outer  coating  is  an  amorphous  material. 

In  recent  years,  there  has  been  increasing  interest  in  developing  low  dielectric 
constant  glass/ccramic  formulations  for  high  performance  applications  such  as  high-speed 
microelectronics  packaging  [Tum9l]  and  hypersonic  radar  guidance  systems  [Kou92, 
Fra92],  Composite  materials  containing  S1O2  and/or  Si?N«  have  been  identified  as 
candidate  materials  for  these  applications  [Tum91,  Fra92].  In  the  present  study, 
SiOj/SriNj  composites  were  prepared  from  composite  particles  consisting  of  crystalline 
Si^N*  cores  and  amorphous  Si02  coatings. 

The  objectives  of  this  study  were  as  follows:  (1)  to  perform  detailed 
characterization  of  the  SiCVSbN.i  microcomposite  particles,  (2)  to  cany  out  an 

sintering  of  the  composite  powder  compacts,  (3)  to  study  the  high-temperature 
deformation  behavior  of  sintered  composites,  and  (4)  to  evaluate  the  room  temperature 
electrical  and  mechanical  properties  of  selected  sintered  samples. 

In  chapter  2,  a general  background  relevant  to  this  investigation  is  presented.  In 
chapter  3,  detailed  experimental  procedures  are  descr 
detailed  in  chapter  4.  The  results  are  summarized  in 


ribed.  The  results  and  dis 


CHAPTER  2 
BACKGROUND 

2.1.  Introduction 

chapter.  The  potential  applications  and  the  processing  considerations  for  the  preparation 
of  low-dielctric  constant  composites  will  be  discussed.  This  will  be  followed  by  a 
discussion  on  the  preparation  of  composites  with  controlled  porosity.  Previous  research 
on  the  synthesis  and  characterization  of  composite  powders  related  to  this  study  will  then 
be  reviewed.  Finally,  some  of  the  existing  sintering  models  will  be  described  and  they 
will  be  compared  to  results  from  various  experimental  investigations. 


2.2.1.  Potential  Applications 

There  is  increasing  interest  in  developing  advanced  low  dielectric  constant  materials 

hypersonic  radar  guidance  systems.  The  substrate  materials  used  in  microelectronics 
packaging  applications  must  have  low  dielectric  constant  (in  order  to  increase  signal 
propagation  speed)  and  low  loss  tangent,  coefficient  of  thermal  expansion  (CTE)  match 
with  chip  and/or  metallizing  materials,  good  corrosion  resistance  (e.g.  to  moisture),  and 
adequate  mechanical  properties  (strength,  fracture  toughness)  to  withstand  stresses  imposed 


during  fabrication  and  handling  of  the  package.  The  most  widely  used  packaging  material 
is  alumina,  which  has  a dielectric  constant  of  ~9.  Since  the  signal  propagation  speed  is 
inversely  proportional  to  the  square  root  of  the  dielectric  constant,  the  speed  of  propogation 
of  a signal  in  alumina  is  only  1/3  times  that  in  the  material  with  the  lowest  possible 
dielectric  constant  (=  IX  i.e„  in  vacuum.  In  contrast,  SiO;  and  silicate  glasses  have 
dielectric  constants  of  —1  - 5.  The  use  of  these  materials  represents  an  increase  in  signal 

investigations  have  been  directed  toward  the  development  of  glass/ceramic  materials  with 
co*firing  compatibility  with  lower  resistivity  metals  such  as  copper,  silver,  etc.  (in  order  to 
produce  packages  with  higher  circuit  density)  [Tum91].  Figure  2.1  shows  an  empirical 
relation  between  thermal  conductivity  and  dielectric  constant  for  several  dielectric  materials 
of  interest,  including  Si02  and  AljOj  [Gup96],  It  is  clearly  evident  that  the  SiOj-bascd 
glass,  glass/ceramic,  and  ceramic  formulations  have  lower  moduli,  lower  strengths,  and 
lower  thermal  conductivities,  compared  to  A1,03.  Therefore,  the  packages  built  with  these 
materials  must  be  provided  with  external  thermal  and/or  mechanical  management  systems 
[Tum91].  The  physical  properties  of  some  of  the  candidate  glass  and  glass/ceramic 
materials  developed  for  microelectronic  packaging  applications  are  summarized  in  Tabic 
2.1. 

The  desired  material  properties  for  advanced  missile  radomes  in  radar  guidance 
systems  include  high  melting  point  (>1000°C),  high  strength  and  high  fracture  toughness, 
low  CTE,  corrosion  and  impact  resistance  (against  rain  drops),  and  low  and  stable  dielectric 
constant  at  radio  frequencies.  The  most  prevalent  materials  for  existing  missile  radomes  are 
slip-cast  fused  silica  (SCFS)  and  Pyroceram  9506  (MgO-AljOj-SiO;  ceramic)  [Kou92, 


several  dielectric  materials  of  interest,  including  SiO;  and  AlfOj  |Gup96], 
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Fn92].  Allhough  SCFS  has  excellent  radar  transmission  qualities  (e.g.,  stable  and  low 
dielectric  constant  of  -4,  low  CTE  of  -0.5ppm/°C,  etc.),  it  has  relatively  poor  mechanical 
properties  (room  temperature  design  tensile  strength  is  -28  MPa  [Kou92]).  Due  to  the 
lower  strengths,  greater  wall  thicknesses  are  required  and  this  may  compromise  radar 
transmission.  A qualitative  comparison  [Kou92,  Fra92]  of  four  candidate  materials  with 
respect  to  six  performance  criteria  desirable  for  good  radome  design  is  given  in  Table  22. 
A rating  system  from  poor  to  excellent  is  used  in  the  table.  All  ratings  above  "poor''  signify 
that  the  material  will  perform  adequately  under  ideal  conditions  (no  erosion  environment  or 

adverse  flight  conditions.  A "good"  rating  indicates  that  the  material  will  perform 
satisfactorily  under  adverse  flight  conditions,  except  on  rare  occasions.  Ratings  above 
"good"  mean  that  the  material  will  perform  well  even  under  adverse  conditions.  Based  on 
the  data  presented  in  Table  2.2,  recent  investigations  [Kou92)  are  being  directed  toward 
producing  glass/ceramic  formulations  such  as  SiO;-matrix  composites  with  inclusions 
(alumina,  silicon  nitride,  boron  nitride,  etc.)  and  SiO,  containing  crystalline  ceramics  (e.g.. 

Glass/ceramic  compositions  can  be  generally  classified  into  two  types:  (i)  "glass- 
ceramic"  materials  in  which  the  glass  powder  compacts  are  sintered  to  high  relative  density 
(low  porosity)  and  can  be  subsequently  crystallized  to  nearly  glass-free  materials  and  (ii) 
"glass  + ceramic"  composites  in  which  powder  compacts  prepared  with  mixtures  of  glass 
and  crystalline  ceramic  particles  are  sintered  to  high  relative  density.  The  crystalline 
components  usually  have  higher  dielectric  constant  than  the  glassy  phases,  but  they  also 


lies  of  the  material.  A difficulty  in  processing 


“glass  + ceramic’'  composites  is  that  powder  compact  densiftcation  rates  usually  decrease  as 
the  volume  fraction  of  crystalline  ceramic  particles  increases  [Ran93,  Rah87a,  K.  Wang  and 
M.D.  Sacks,  personal  communication,  1996].  Composite  densification  may  be  severely 
impeded  when  the  concentration  of  the  "non-sintcrablc"  inclusions  is  sufficient  to  form  a 
connected  particulate  network  (i.e.,  percolation  path).  Thus,  it  may  be  necessary  to  limit  the 
amount  of  crystalline  phase  in  the  powder  mixture.  This  approach  has  been  effective  in 
producing  hermetic  composites  with  high  relative  density,  but  it  imposes  compositional 
constraints  which  limits  the  range  of  physical  properties  that  can  be  achieved.  Therefore, 
there  is  a need  for  alternate  processing  methods. 


Table  2.2.  Advantages  and  Disadvantages  of  Four  Candidate  Radome  Materials. 
Performance  Criterion  Slip-Cast  Cclsian  Pyroceram  Reaction 

Fused  Silica  9606  Bonded  Si.N.1 

Maximum  Temperature  Good  Fair  Fair  Good 


Thermal  Shock  Resistance  Excellent 

Maneuvering  Capability  Fair 

Rain  and  Dust  Erosion  Fair 

Ease  of  Manufacture Very  Good 


Good 
Very  Good 
Fair 
N/A 


Good  Fair 

Good  Good 

Good  Good 

Good  Very  Good 
Very  Good Fair 


2.2.2.  Processing  Considerations 

Two  different  approaches  are  used  to  form  “glass  + ceramic"  composites.  In  one 
case,  a conventional  processing  method  is  utilized  in  which  green  compacts  were  formed 
from  mixtures  of  amorphous  matrix  (A)  and  crystalline  inclusion  (B)  powders.  A schematic 


if  powders  is  shown  in  Figure  2.2(a). 


Another  approach  involves  processing  of  microcomposite  particles  which  consist  of  inner 
cotes  of  B particles  and  outer  coatings  of  the  A phase.  As  ilhistrated  in  Figure  2.2(b).  the 
formation  of  a contiguous  network  of  the  “non-sinterable"  B inclusions  can  be  avoided  by 
controlling  the  spatial  distribution  of  the  phases  using  the  microcomposite  particles.  By 
maintaining  the  more  sinterable  amorphous  phase  (A)  as  an  outer  coating,  compacts  can  be 
densifted  by  the  viscous  flow  mechanism.  This  approach  would  not  only  facilitate  sintering 
at  relatively  low  temperatures,  but  would  also  allow  the  development  of  microstructures  in 

could  be  dispersed  in  the  A matrix  as  isolated  inclusions. 

Sacks  and  co-workers  [Sac91a,  Sac9lb,  Sac92,  Sac93]  have  demonstrated  the 

coatings  (SiO,.  BjOj-SiOj)  were  deposited  on  a variety  of  crystalline  core  particles  (Al.Oj, 
SijN4,  SiC,  ZrO.).  Glass-matrix  composites  with  high  volume  tractions  of  crystalline 
inclusions  were  prepared  at  relatively  low  sintering  temperatures.  In  addition,  glass-free 
crystalline  ceramics  and  ceramic-ccramic  composites  (e.g.,  with  mullite  and  SiAlON 
matrices)  were  fabricated  by  reacting  the  core  material  with  the  amorphous  matrix  phase  at 
elevated  temperatures  [Sac92,  Sac93).  Other  researchers  have  prepared  crystalline-matrix 
composites  without  chemical  reactions  by  using  composite  powders  in  which  both  the  cores 
and  the  coatings  were  crystalline  [Hu92,  Hu94].  In  such  composites,  dcnsihcaiion  is 

sinterable  than  the  core  materials  (Hu92,  Hu94). 


Isolated,  closed 


pores  can  be  incorporated  in  a composite  matrix  by  using  green 
compacts  prepared  ftom  a mixture  of  composite  powder  and  relatively  large  polymer 
particles  (schematically  illustrated  in  Figure  2.3).  Pyrolysis  of  the  polymer  particles  at 
relatively  low  temperatures  (i.e.,  significantly  below  sintering  temperatures)  would  result  in 
a powder  compact  with  a bimodal  distribution  of  pores:  (i)  larger  voids  created  by  pyrolysis 
of  the  polymer  particles  and  (ii)  smaller  pores  associated  with  the  microcomposite  particle 
packing  arrangement.  This  compact  could  be  heated  at  higher  temperatures  to  density  the 
matrix  (i.e„  eliminate  the  fine  inteiparticle  pores).  As  densification  of  the  powder  matrix 
occurred,  the  larger  voids  would  begin  to  close  (and  become  less  accessible  to  infiltration 
ftom  the  surface).  Furthermore,  if  the  concentration  of  the  polymer  particles  was  below  the 
percolation  threshold  and  they  were  homogeneously  dispersed  in  the  compact,  they  would 
be  “non-touching"  before  pyrolysis.  Consequently  the  PS-dcrivcd  pores  would  remain 
isolated  ftom  each  other  even  after  the  matrix  had  densified. 

PS  particles  have  also  been  used  by  other  researchers  [Kal92,  Ran93,  Sac93]  to 
introduce  controlled  isolated  porosity  in  glass/ccramic  matrices.  Kata  et  al.  [Kat92] 
demonstrated  that  very  high  loadings  of  PS  (>25  vol%  in  solids)  in  the  green  compact  can 
lead  to  residual  open  porosity.  They  determined  the  limiting  value  of  closed  porosity 
(without  the  presence  of  any  open  pores)  that  can  be  achieved  using  this  approach  to  be  -13 
vol%.  Some  workers  (Kel87,  Ver85]  have  used  an  alternate  approach  to  produce  porous 
materials  which  involved  using  mixtures  of  hollow  S1O2  microspheres  and  glass-ceramic 
powders.  This  approach  allowed  the  development  of  microstructurcs  in  which  a high 


, above  the  percolation  threshold)  of  the  pore  phase  could  be  incorporated 
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pores.  (For  example.  Kcllerman  [Kel87]  has  fabricated  bulk  glass- 


ceramics  with  as  high  as  -SO  vol%  isolated,  closed  porosity.) 

2.4,  Synthesis  .and  Characterization  of  Composilc  Powders 

The  composite  panicles  peninent  to  this  study  consist  of  inner  cores  of  a crystalline 
(inclusion)  phase  and  outer  coatings  an  amorphous  (matrix)  phase.  The  potential 
advantages  of  using  this  approach  are:  (1)  increased  threshold  concentration  of  percolation 
of  the  inclusion  panicles,  and  (2)  the  absence  of  packing  heterogeneities  in  the  matrix  phase 
immediately  surrounding  the  inclusion  panicles. 

Controlled  hydrolysis  of  metallorganic  precursors  has  been  utilized  to  synthesize 
composite  particles  with  amorphous  coatings.  Composite  particles  with  inner  cotes  Al,03 
and  outer  coatings  of  SiO,  have  been  synthesized  using  tetraethyl  onhosilicale  (TEOS)  as 
the  precursor.  Sheu  (She86]  and  Agrawal  et  al.  [Agr90]  have  prepared  SiO,  gel-coated  ct- 
Ai;0,  particles  by  adding  a mixture  of  ethanol,  TEOS.  water,  and  HC1,  to  a suspension  of 
submicromctcr  size  Al;Oj  particles.  It  was  demonstrated  in  both  studies  that  the  formation 
of  the  SiOj  coating  changes  the  zeta  potential  of  the  particles  with  time  from  the  value 
corresponding  to  an  alumina  surface  to  the  value  for  a SiOj  surface.  Furthermore,  it  was 
argued  by  Agrawal  et  al.  [Agr90]  that  since  the  TEOS  solution  did  not  show  gelation 
without  the  presence  of  the  AI3O3  particles  and  since  an  incubation  time  was  associated 
with  the  precipitation  process,  the  coating  process  followed  a nucleation-and-growth  type  of 
reaction  kinetics.  Sando  et  al.  [San90]  synthesized  SiO)-coated  o-A13Oj  particles  using  a 
slightly  different  technique.  The  A1.0-,  powder  was  first  placed  in  a high  humidity  vessel 
till  a uniform  layer  of  adsorbed  water  was  formed  on  the  particle  surface.  This  powder  was 


dispersed  in  a hydrophobic 


vhich  contained  • 


surfactant  (sorbilan  monostearate).  Hydrolysis  of  the  TEOS  was  catalyzed  by  additions  of 
stearic  acid  or  stcarylominc.  TEM  observations  were  used  to  demonstrate  the  presence  of 
the  Si02  coatings  on  the  AljOj  particles,  /eta  potential-pH  characteristics  of  the  coated 
powder  varied  from  “AljOj-like"  to  "SiCMike"  as  the  SiOj  content  increased  from  0.9  wt% 
to  8.5  wt%. 

Sacks  el  al,  prepared  SiOj-coated  “microcompositc"  particles  (with  submicrometer 
size)  comprising  crystalline  cores  such  as  <X-A1,0,  [Sac91a,  Sac92,  Sac91b.  K.  Wang  and 
M.D.  Sacks,  personal  communication.  1996),  SiC  (Sac91b).  ZrOj  [Sac91b).  and  Si,N4 
[Sac9lb,  Sac92,  Sac93],  The  synthesis  procedure  involved  two  steps:  (1)  mixing  a 
TEOS/ethanol  solution  and  a suspension  of  the  core  particles  in  ethanol,  and  (2) 
precipitating  a SiO,  coating  by  the  addition  of  ammoniated  water  (-30  wt%  NHj),  Bright 
field  TEM  and  highuesolution  TEM  (HRTEM)  images  were  used  to  demonstrate  the 
presence  of  the  amorphous  SiO,  coating  on  the  core  particles  [Sac91b,  Sac93,  K.  Wang  and 
M.D.  Sacks,  personal  communication,  1996],  The  surface  properties  of  SiO, -coaled  A1,0} 
composite  particles  were  analyzed  using  various  techniques  [K.  Wang  and  M.D.  Sacks, 
personal  communication,  1996).  XPS  analysis  of  the  composite  powders  showed  that  Al 
was  not  present  on  the  composite  powder  surface.  The  electrophoretic  mobility  vs.  pH 
behavior  for  the  composite  particles  were  similar  to  that  for  Si02  particles.  These  results 
indicated  that  the  core  particle  surface  was  completely  covered  by  SiOj-  Preliminary 
analysis  of  results  from  Wang's  study  [K.  Wang  and  M.D.  Sacks,  personal  communication, 
1996]  indicated  that  the  surface  area  of  the  composite  particles  was  not  reproducible.  For 


wt%  A120j/  -26  wi%  SiOj  had  surface  areas  in  the  range  of  '22-80  mJ/g.  Although  the  use 
of  relatively  fresh  source  of  TEOS  and  the  coarse  filtration  of  composite  particle  suspension 

reproducibility  were  not  established  [K.  Wang  and  M.D.  Sacks,  personal  communication. 
1996]. 

Azuma  et  al.  [Azu91]  coated  ferric  oxide  particles  with  Si02  by  hydrolysis  of  TEOS 
using  ammoniated  water.  It  was  shown  that  when  the  TEOS  concentration  became  too 
high,  some  Si02  precipitated  as  independent  particles  in  the  solution.  A linear  relationship 
was  found  between  the  limiting  concentration  of  TEOS  (C,-)  and  the  concentration  of  the 
dispersed  ferric  oxide  (CF).  For  example,  for  NHj  and  H20  concentrations  of  2.0  mol/l  and 
7.9  mol/l,  respectively,  CT  increased  linearly  from  -0.02  mol/l  to  -0.05  mol/l  as  CF 
increased  from  '0.0025  mol/l  to  '10  mol/l.  XRD  analysis  showed  that  the  the  intensity  of 
the  ferric  oxide  peaks  decreased  steadily  as  the  coating  thickness  of  Si02  increased.  The 
electrophoretic  mobility-pH  curve  for  the  coated  particles  were  found  to  be  in  excellent 
agreement  with  that  for  Si02  particles  (Figure  2.4).  Based  on  these  results,  it  was 
speculated  that  the  core  particles  were  completely  covered  with  Si02.  TEM  observations 
were  also  used  to  demonstrate  the  presence  of  the  Si02  coating  on  the  ferric  oxide  particles. 

Hwang  et  al.  [Hwa93]  prepared  Si02-  and  Ti02-coated  ct-Al2Oj  powders  by 
hydrolysis  of  TEOS  and  titanium  isopropoxide,  respectively,  using  aqueous  ammonia. 
Shyu  and  Chen  [Shy9S]  prepared  Si02-coated  a-AKO,  and  zircon  (ZrSi04)  powders  by 
hydrolysis  of  TEOS  using  pH~l  1 water.  Chen  and  Yen  [Che94]  used  the  method  of  Sacks 


Figure  2.4.  Eleeirophoreiic  mobilily  curves  for  various  panicles.  (.):  TEOS/FejO,  molar 
ralio  - 1 .0.  and  (o):  TEOS/FejOj  molar  ralio  = 0. 1 [Azu92], 


el  al.  [Sac91a]  to  prepare  amorphous  SiOj-coated  SiC  whiskers  and  a-A!,Oj.  Giesche  and 
Matijevic  [Gic94]  prepared  Si02-coated  yttrium  basic  carbonate  by  the  controlled 
hydrolysis  of  TEOS  using  an  aqueous  ammonia  solution.  The  aforementioned  studies  used 
■'EM  images  of  selected  composite  panicles  to  illustrate  the  presence  of  the  coating  on  the 
core  panicle  surface.  The  studies  conducted  by  Chen  and  Yen  [Chc94]  and  Giesche  and 
Matijevic  (Gie94)  also  demonstrated  that  the  zeta  polential-pH  behavior  for  the  coated 
particles  were  similar  to  that  for  Si02  particles. 

Sun  et  al.  [Sun96]  coated  porous  a-Fc203  powders  (needle-like  morphology  with 
-20nm  radius.  -I  pm  length,  and  a specific  surface  area  of  -130  ra!/g)  with  Si02  by 
hydrolysis  of  TEOS  using  distilled  water.  The  powders  were  sintered  in  the  temperature 
range  of  800-900°C  and  the  surface  area  and  pore  sizes  were  determined  by  nitrogen 
sorption.  Figures  2.5  (a)  and  2.5(b)  show  the  nitrogen  gas  adsorption  isotherms  for  the 
coated  and  uncoatcd  samples.  The  isotherms  exhibit  apparent  characteristics  of  Type  II  and 
Type  IV,  according  to  the  Brunaucr-Emmctt-Teller  (BET)  classification  [Gre82].  The 
sorption  volume  increased  by  -20  times  after  the  coating  process,  indicating  that  the  sample 
became  more  porous  after  the  deposition  of  the  Si02  layer.  The  hysterisis  was  attributed,  in 
pan.  to  the  presence  of  an  "ink-bottle"  type  pore  structure  in  the  composite  particles.  The 
presence  of  a broad  peak  centered  at  20  = 22°  in  the  XRD  pattern  for  the  coated  samples 
demonstrated  the  presence  of  the  amorphous  Si02  in  the  composite  panicles.  High- 
resolution  TEM  (HRTEM)  analysis  of  composite  powders  also  confirmed  the  presence  of 
the  amorphous  Si02  coating  on  the  Fe.O,  panicles.  SEM  observations  on  800°C  heated 


and  (b) 


powder  samples  showed  that  ihe  coaling  consisied  of  a packing  c 


iiC>2  particles 


(<100  nm)  on  the  i'C.O,  grains. 

Composite  particles  with  inner  cores  of  amotphous  SiO;  and  outer  coatings  of 
yttrium-doped  ZrO;  [Hir91]  or  TiO;  [Pai93]  have  also  been  prepared  by  controlled 
hydrolysis  of  metallorganic  precursors.  The  former  particles  were  prepared  by  suspending 

subsequently  precipitating  the  coating  by  the  addition  of  water  to  the  mixture.  The  latter 
particles  were  synthesized  by  hydrolyzing  an  ethanolic  solution  of  titanium  isopropoxide  in 
the  presence  of  SiO;  particles,  by  the  addition  of  water,  Partch  el  al.  [Par93)  demonstrated 
that  the  dependence  of  electrophoretic  mobility  on  pH  for  pure  Ti02  particles  and  for  SiO; 
panicles  coated  with  TiO;  were  essentially  the  same. 

Composite  powders  with  crystalline  cores  and  crystalline  coatings,  such  as  All- 
ocated SiC  [Mit95.  Hu93],  hematite-coated  TiO;  [Ghe86],  ZnO-coated  ZrO;  (Hu92],  and 
CaAl;Oj-coated  Al203  [Des95]  have  been  prepared  by  forced  hydrolysis  of  metal  salt 
solutions  in  the  presence  of  core  panicles.  Powders  with  multiple  coatings  have  also  been 
synthesized.  Jang  [Jan93]  prepared  composite  powders  consisting  of  cores  of  a-cordierite. 
inner  coalings  of  aluminum  hydroxide,  and  outer  coatings  of  ZrO;,  by  sequential  hydrolysis 
of  metal  salt  solutions  (aluminum  nitrate  and  zirconium  oxychloride  for  the  two  coatings, 
respectively).  However,  the  composite  particles  prepared  in  the  aforementioned  studies 
were  characterized  only  by  SHM  and/or  TEM  observations. 

It  is  noted  that  although  the  synthesis  methods  of  composite  powders  have  been 


e,  very  few  studies  [Gie94,  Azu9l,  K.  Wang  and  M.D. 


Sacks,  personal  communicaiion,  1996]  have  involved  panicle  characterizatic 


significant  detail.  However,  it  is  important  to  realize  that  rigorous  particle  characterization 
is  essential  to  completely  understand  the  sintering  and  microstructure  development  of  bulk 
compacts  derived  from  these  powders. 


Ceramic  particulate  composites  may  offer  considerable  improvement  in  various 
properties  compared  to  single-phase  ceramics.  In  the  formation  of  these  composites, 
however,  the  presence  of  rigid  (non-sintering,  incompressible)  inclusions  can  cause 
substantially  reduced  densification  rates  in  the  composite  matrix.  The  potential  for 
improved  properties  is  hence  offset  by  the  increased  difficulty  in  forming  the  composites 
with  the  requited  high  density  and  controlled  microstructure  by  conventional,  pressureless 

understand  the  factors  that  retard  the  conventional  sintering  of  ceramic  composites  so  that 
the  sintering  process  can  be  better  applied  to  the  formation  of  these  materials. 

It  is  now  widely  recognized  that  rigid  inclusions  induce  differential  sintering  rates 
which  in  turn  produce  transient  stresses  during  sintering.  These  stresses  not  only  retard  the 
rale  of  densification  but  can  generate  flaws  that  reduce  the  strength  of  the  final  body 
[Hse86|.  Almost  all  the  composite  sintering  studies  therefore  involve  the  determination  of 
these  stresses  using  analytical  and  experimental  approaches.  Although  the  effect  of  rigid 


subject  of  much  debate  in  recent  years,  it  has  been  possible  to  model  the  sintering  stresses  in 
glass-matrix  composites  through  experimental  and  theoretical  studies. 

A number  of  explanations,  based  on  theoretical  models  or  microstructural 

rates  of  glass-matrix  composites.  The  early  analyses  [Hsc86.  Dej86]  involved  using  a 
viscoelastic  approach  to  analyze  problems  of  constrained  sintering.  However,  it  was 
established  later  [Sch87,  Rah87a]  that  some  of  the  assumptions  made  were  unrealistic  and 
that  the  predicted  stresses  were  too  small  to  account  for  the  significant  reduction  in 
densification  rates.  Scherer  [Sch87]  has  modelled  the  effect  of  rigid  inclusions  on  sintering 
and  applied  the  theory  to  the  case  of  viscous  sintering.  The  self-consistent  (SC)  approach 
used  by  Scherer  is  the  most  widely  accepted  analytical  model  for  viscous  sintering  of  glass- 


To  predict  stresses,  it  is  essential  to  know  the  constitutive  equation  (i.e.,  equation 
relating  the  applied  stresses  and  resulting  strains)  for  the  matrix.  For  an  isotropic,  linearly 
elastic  material,  the  constitutive  relation  is  given  by  the  expression  [Tim70]: 

s,  = a,  + | [a,  - v<c  + o_))  (2.1) 

Poisson’s  ratio,  and  o>  (i  =x,y.z)  are  the  principal  stresses.  For  an  isotropic,  linearly  viscous 
material,  the  viscous  analogy  [Sch9 1 ] can  be  applied  where,  in  eq.  (2. 1 ).  strain  rates  replace 


smes  '/>  (because  tfie  liquid  is  incompressible),  and  E is  replaced  by  3q,  where 
viscosity  of  the  liquid,  so 


(2.2) 


where  the  superscript  dot  indicates  the  derivative  with  respect  to  time.  This  is  valid  only  for 
a dense  material  since  porous  bodies  are  compressible  in  nature.  Therefore  for  a porous 
viscous  material,  such  as  a sintering  matrix,  cq.  (2.2)  must  be  modified  to  account  for  the 
compressibility  of  the  pores  [Sch79J: 


K * *r  + [».  ’ v„  (o/o,)]  (2.3) 

where  E„  is  the  "apparent  Young's  modulus"  (uniaxial  viscosity)  of  the  porous  matrix,  and 
v„  is  "apparent  Poisson's  ratio".  As  the  porosity  goes  to  zero  (i.e.,  as  the  matrix  relative 
density  goes  to  I),  E„  -»  3q  and  vm  -»  14,  so  eq.  (2.3)  reduces  to  eq.  (2.2).  In  place  of  e,. 
some  workers  [Raj82]  have  made  use  of  the  "sintering  pressure"  or  "sintering  stress"  that 
drives  densification.  If  the  applied  stress  is  hydrostatic,  o,  =■  oy  = o,  = P,  then  eq.  (2.3) 


where  Km  is  the  "apparent  bulk  modulus"  defined  by 


by  analogy  of  the  clastic  bulk  modulus.  Since  K„  is  not  a true  modulus  and  it  represents  the 
viscous  response  of  a porous  body  to  a hydrostatic  stress,  it  can  be  termed  as  the  bulk 
viscosity  of  the  porous  matrix.  As  expected.  Km  becomes  infinite  (i.e.,  the  matrix  is 


hen  there  is  no  more  porosity  (v„  * V4).  If  P is  equal  to  and  opposite  to 
s,  £,  then  dcnsitication  is  arrested  ( £,  = 0);  according  to  cq.  (2.4)  this 


happens  when  P = -3K„  e,,so 


I = 3K.C, 


(2.6) 


This  pressure  has  a complex  dependence  on  local  forces  which  do  not  produce  hydrostatic 
compression  at  the  intcrpaiticlc  neck.  The  more  fundamental  quantity,  which  is  predicted 
by  theory  and  determined  experimentally,  is  the  free  strain  rate. 

The  viscous  response  can  therefore  be  described  by  two  independent  functions.  The 


relations  can  be  obtained  in  terms  of  K„  and  the  "apparent  shear  modulus",  Gm 


termed  as  the  shear  viscosity  of  the  porous  matrix.  As  porosity  approaches  zero,  E„,  -»  3q 
and  G„  -*  q (i,e.,  they  are  finite),  while  the  bulk  viscosity  (K„)  diverges. 

In  this  analysis,  the  properties  c, , E„,  and  v„  are  assumed  to  be  isotropic.  The 
assumptions  of  linearity  and  isotropy  may  cease  to  be  valid  towards  the  final  stages  of 
sintering  when  the  inclusions  will  inhibit  shrinkage  in  the  circumferential,  but  not  in  the 
radial,  direction.  However,  these  effects  are  more  pronounced  in  polycrystalline  materials 

crystalline  matrices  |Sch87], 


of  E„  and  v„  as  in  eq.  (2.3),  or  equivalent 


G. 


(2.7) 


arkers  [Hsc86,  RajS4J  have  used 


a viscoelastic  approach  to  analyze 
problems  of  constrained  sintering.  Unlike  in  the  case  of  viscous  analysis,  viscoelastic 

identical  to  those  predicted  by  the  viscous  analysis.  Since  the  viscous  analysis  predicts  the 
maximum  stresses  that  will  occur,  there  is  no  practical  advantage  of  using  the  more 
complicated  viscoelastic  approach.  Moreover,  it  has  been  established  [Bor88]  that  sintering 
materials  are  not  linearly  viscoelastic,  so  the  usual  methods  of  viscoelastic  analysis  are  not 
applicable. 

The  self-consistent  (SC)  model  focuses  attention  on  a microscopic  region  within  the 
matrix  (Figure  2.6).  That  region  can  be  treated  as  an  island  of  sintering  material  in  a 
continuum  (the  composite)  that  is  contracting  at  a slower  rate.  In  other  words,  that  region 
constitutes  the  "core"  of  an  infinite  composite  sphere,  whose  cladding  is  the  composite, 
consisting  of  the  matrix  plus  inclusions.  The  mismatch  in  the  shrinkage  rates  of  the  island 
and  the  continuum  imposes  tensile  stresses  on  the  core  of  the  matrix  material.  The 
hydrostatic  tensile  stress  in  the  island  of  matrix  can  be  calculated  using  Selsing's  solution 
(Scl61]  for  the  stress  in  an  isolated  inclusion.  The  stress  in  the  matrix  (which  is  equal  in  the 
radial  and  circumferential  directions)  is 

°- = <**  ■ + sk1"  <2-8> 


rix  (i.e.,  the  tin 


nconstrained  sintering  material),  K„  is  the 


• • 


• • 


• • 


Figure  2.6,  In  the  self-consistent  calculation,  the  region  of  matrix  within  the  dashed  circie 
is  regarded  as  an  isolated  island  surrounded  by  an  infinite  continuum  (the  composite)  with 
a slower  densification  rate,  Similarly,  any  of  the  inclusions  (solid  circles)  can  be  treated 
as  being  isolated  in  the  continuum  (Sch87). 


bulk  viscosity  of  I 
indicates  that  the  si 


nposite.  Eq.  (2.8) 


stress  in  the  (island)  of  matrix  is  proportional  to  the  difference  between  its 
free  strain  rate  and  the  strain  rate  of  the  surrounding  composite.  The  linear  shrinkage  rate  of 
the  composite,  e, . is  related  to  the  densification  rate  of  the  matrix  by 

a,  - -0  - 0^-  - 0 - Ofc.  + P-9) 

where  f is  the  instantaneous  volume  fraction  of  the  inclusions,  which  increases  as  the 
volume  of  the  void  phase  decreases  (i.c.,  as  the  compact  densifics).  Substituting  eq.  (2.9)  in 
eq.  (2.8)  and  solving  for  C7m  we  obtain 

a.  = -fK P-10) 
<1"> 

The  S-C  results  should  apply  until  f becomes  so  great  that  the  inclusions  form  a 
contiguous  network  (i.c.,  corresponding  to  the  percolation  threshold)  that  prevents 
contraction  of  the  composite.  In  such  a case,  Gc  -*  co,  se  — > 0,  and  <rm  -»  2. 

Finile-ekmenl  approach 

Jagota  [Jag94]  modelled  the  sintering  of  coated  particle  compacts  using  a finite- 
clement  method  (FEM).  He  considered  two  spherical  particles  consisting  of  rigid  cores  and 
uniform  outer  coatings  of  a glassy  phase  undergoing  sintering.  The  rigid  core  was  not 
modelled  explicitly  but  velocities  of  all  nodal  points  on  the  surface  were  constrained  to  be 
numerical  method  was  consistent  with  the 
ue  to  capillarity. 


; from  the  i 


The  FEM  simulations  showed  that  during  most  of  the  sintering  process,  deformation 
is  localized  to  the  neck  between  the  particles.  Therefore,  the  sintering  rate  is  almost 
independent  of  composition  for  compacts  with  relatively  high  amounts  of  the  coating  phase. 
In  the  later  stages  of  sintering,  the  densification  is  controlled  by  lubrication  flow  in  the 
narrow  gap  between  the  rigid  cores.  For  samples  with  vety  thin  coatings  (i.c.,  low  volume 
fractions  of  the  coating  phase),  there  exists  a final  stage  of  sintering  where  particle 
rearrangements  result  in  internal  changes  in  the  microstructure  without  any  overall 
shrinkage.  Figure  2.7  shows  the  predicted  change  of  relative  density  (from  the  numerical 
simulauons)  of  a packing  of  coated  panicles  as  a function  of  time.  Also  shown  are 
predictions  for  particles  without  a core  and  the  Mackenzie-Shuttleworth  (MS)  model 
[Kin76]  (based  on  spherical  pores).  These  results  were  obtained  by  assuming  that  the  initial 
packing  fraction  was  0.60  and  that  the  macroscopic  linear  shrinkage  of  the  packing  equals 
that  for  every  pair  of  panicles.  It  was  shown  that  for  a core  particle  radius  of  R,  a minimum 
coating  thickness,  t,  of  0. 1 86R  (i.e„  a minimum  volume  fraction  of  0,4  for  the  coating  in  the 
coated  panicle)  is  required  for  an  initial  packing  fraction  of  0.6,  to  obtain  full  density. 
Figure  2.7  shows  that,  with  only  a slightly  thicker  coating  (t=0.20R),  full  density  is 
achieved  at  a rate  comparable  to  a packing  that  consists  of  particles  without  a rigid  core. 


This  section  describes  the  methodology  used  to  convert  experimentally  measured 
parameters  to  those  used  in  the  SC  model.  While  free  sintering  (under  zero  external  load) 


Figure  2.7.  Relative  density  of  a packing  of  coated  panicles  as  a fimction  of  normalized 
time,  t'  - (3/4n)10  Ty/[i)(R+t)],  for  diffrerent  coating  thicknesses,  and  for  the  Mackenzie 
Shuttlewonh  model  [Jag94].  1 1 is  the  time,  y is  the  surface  tension  of  the  coating  phase. 
>1  is  the  viscosity  of  the  coating  phase.  R is  the  radius  of  the  core  panicle,  and  t is  the 
coating  thickness.) 


experiments  may  be  used  to  determine  densification  rates,  creep  experiments  (sintering 

It  would  be  instructive  to  normalize  the  strain  rates  with  respect  to  that  predicted  by 
a rule-of-mixtures  approach.  It  may  be  shown  that  [Sch87] 

i - |1  + r |f>I'  (2.1!) 

e,  3K. 

6,"  - (1-0  CM  (2.13) 

under  the  assumption  that  the  strain  rate  is  zero  for  the  densification  of  the  inclusions.  The 
linear  strain  rate  for  a sintering  body  undergoing  isotropic  shrinkage  is  related  to  the 
densification  rate  by  the  expression 

£ - -3e  (2.14) 


where  p and  p arc  the  density  and  the  densification  rate,  respectively. 

The  shear  viscosity  of  the  composite,  G„,  may  be  estimated  as  the 
the  Hashin-Shtrikman  equation  [Has63],  and  is  given  by 

40,  _ 4G.  . ■ . IS  f (1  - v.)  . 

3K„  3K„  2 (1-f)  (4  - 5vm) 

The  ratio  4Gm  /(3KJ  is  related  to  Poisson's  ratio  of  the  matrix,  v„,  by 

4G„  _ 2(1  - 2v„) 

3K.  (1  + v.) 


lower  bound  of 


(2.15) 


(2.16) 


sity  by  [Sch79] 


(2.17) 


The  effect  of  rigid  inclusions  on  the  sintering  of  ceramic-matrix  composites  was 
studied  by  DeJonghe  et  al.  [Dej86].  Figure  2.8  [Dej86]  shows  plots  of  bulk  density  vs.  time 
for  powder  compacts  containing  particle  mixtures  of  ZnO  (matrix)  and  SiC  (inclusions).  It 
is  evident  there  was  a severe  effect  on  the  strain  rate  of  the  ZnO  matrix  even  at  low  volume 
fractions  of  inclusions  (<5  vol%  SiC).  Fan  and  Rahaman  (Fan92J  carried  out  similar 
experiments  using  mixed  particle  composites  consisting  of  a fine-grained  (0.3  pm  average 
size)  ZnO  matrix  and  coarse  ('14  pm  size),  rigid,  inert  particulate  inclusions  of  Zt02. 
Figure  2.9  [Fan92]  shows  plots  of  composite  relative  density  as  a function  of  temperature 

heating-rate  sintering  at  4°C/min  to  1200°C.  The  unreinforced  ZnO  starts  started  densifying 
at  -650°C  and  reached  almost  full  density  at  '1000°C.  As  the  volume  fraction  of  the 
inclusions  increased,  (he  composite  density  (and  hence  the  densification  rate)  at  any  given 
temperature  decreased. 

Dutton  and  Rahaman  [Dut92]  compared  the  sintering  behavior  for  composites  with 
polycrystallinc  and  amorphous  matrices.  In  contrast  to  a polycrystalline  ZnO-matrix 

predictions  of  a rule-of-mixtures  until  'IS  vol%  inclusions  (Figure  2.10  [Dut92]).  It  was 
suggested  [Rah90]  that  at  >15  vol%  inclusions,  the  percolation  threshold  is  reached  and  a 


Figure  2.8.  Density  as  a (unction  of  time  for  ZnO  containing  different  volume  fractions 
ofSiC  [Dej86J. 


TEMPERATURE  TO 


Figure  2.9.  Relative  density  of  the  composite  vs  temperature  for  the  die-pressed 
composites  containing  0-22.5  vol%  ZrO:  inclusions  (size  14pm)  during  constant-heating 
rate  sintering  at  4°C/min  to  1 200°C  [Fan92]. 


Figure  2.10.  Linear  strain  rates  of  a polycrystalline  ZnO  matrix  composite  and  a glass- 
matrix  composite,  relative  to  the  strain  rate  of  the  free  matrix,  versus  inclusions  volume 
fraction.  The  dashed  line  represents  the  predictions  of  the  rule-of-mixtures  [Dut92]. 


i.  Although  the  effect  of  rigid  in 


densification  of  polycrystalline-matrix  composites  has  not  been  clearly  undeistood  yet,  it 
has  been  possible  to  experimentally  deteimine  the  various  factors  controlling  densification 
of  glass-matrix  composites  and  verify  the  different  analytical  models  describing  their 

Rahaman  and  De  Jonghe  [Rah87]  compared  experimental  data  for  tile  sintering  rate 
of  soda-lime  glass-matrix  (-4  pm  average  size)  composite  containing  SiC  inclusions  (-35 
pm  average  size)  with  the  predictions  of  the  self-consistent  (SC)  model.  In  the  analysis  of 
Rahaman  and  De  Jonghe,  G„  was  taken  as  the  lower  bound  of  the  Hashin-Shtrikman 
equation  calculated  using  eq.  (2, 1 5).  This  equation  was  used  in  the  absence  of  the  measured 
values  for  Gc.  Figure  2.1 1 [Rah87]  shows  plots  of  the  experimental  and  predicted  values  of 
the  normalized  strain  rate  of  the  composite  vs.  the  relative  density  of  the  matrix  for 
composites  with  -9  and  -17  vol%  inclusions.  It  is  evident  that  the  densification  rates  were 
in  good  agreement  with  Scherer’s  theory  for  an  inclusion  volume  fraction  of  0,09.  For  the 
sample  with  -17  vo!%  inclusions,  although  there  was  good  agreement  with  theory  at 
relatively  low  matrix  densities,  significant  deviations  were  evident  above  p„  - 0.7.  At  this 
value  of  pm,  the  inclusion  volume  fraction  in  the  bulk  was  determined  to  be  -0.12  [Rah87]. 
It  was  speculated  that  the  significant  deviations  from  theory  at  high  volume  fractions  (i.e.,  2 
0.12)  of  inclusions  were  a result  of  interactions  between  inclusions  [Rah87].  Boccaccini 
[Boc94]  studied  the  effect  of  Al;0)  platelet  inclusions  (major  axes  in  the  range  of  5-25  pm) 
on  the  sintering  behavior  of  aluminosilicate  glass  powder  (-8pm  mean  particle  size) 
matrices  using  a heating  microscope  at  850°C.  The  data  analysis  was  similar  to  those 


Figure  2.11.  Comparison  of  the  experimental  results  for  the  linear  strain  rate  of  the 
composite  normalized  by  the  strain  rate  from  the  rule-of-mixturcs.  vs  relative  density  of 
the  matrix.  pm,  with  the  predictions  of  Scherer's  model  for  the  indicated  volume  fractions 
of  inclusions.  F (Rah87],  (.,■):  experimental  values;  ( — ):  predicted  values. 


volume  fractions.  The  symbols  and  lines  represent  experimental  and  predicted  values, 
respectively  [Boc94]. 


described  < 


earlier  for  the  study  conducted  by  Rahamon  and  Dc  Jonghc  [Rah87].  Figure  2.12 
[Boc94]  shows  plots  of  the  experimental  and  predicted  values  of  the  normalized  strain  rate 
of  the  composite  vs.  the  relative  density  of  the  matrix  for  composites  with  -15  and  '30 
vol%  platelets.  The  experimental  values  were  in  good  agreement  with  Scherer's  model 
predictions  for  inclusion  loadings  of  £15  vol%.  The  differences  between  the  values  for 
higher  inclusion  loadings  was  attributed  to  the  interaction  between  the  platelets  since  the 
inclusion  volume  fractions  were  above  the  percolation  threshold  [Boc94]. 

Scherer  and  Jagota  [Sch9I]  have  used  numerical  methods  to  explain  the  difference 
between  the  measured  and  calculated  sintering  rates  as  encountered  by  Rahaman  and  De 
Jonghe  [Rah87],  Using  this  approach,  the  SC  model  was  extended  (Sch91]  to  take  account 
of  the  properties  of  the  inclusion-matrix  contacts.  The  SC  theory  depends  on  the 
knowledge  of  the  shear  viscosity  of  the  composite,  and  this  was  obtained  directly  from  the 
simulation.  It  was  found  that  Hashin-Shtrikman  lower  bound  failed  to  account  for  the 
increase  in  shear  viscosity  near  the  percolation  threshold,  which  was  predicted  by  the 
numerical  model.  It  was  concluded  that  the  SC  model  provides  a good  prediction  of  the 
sintering  kinetics,  if  the  shear  viscosity  of  the  composite  is  independently  measured. 
Beyond  the  percolation  threshold,  however,  the  theoretical  value  of  the  sintering  rate  may 
be  limited  to  the  insight  that  the  sintering  rate  is  inversely  related  to  the  shear  viscosity  of 
the  composite.  Numerical  simulations  of  the  type  discussed  by  Scherer  [Sch91]  are 
expected  to  be  invaluable  tools  in  the  search  of  models  predicting  the  rheology  of 
percolating  systems.  Shear  viscosities  of  glass  powder  compacts  have  been  experimentally 


netry  [Rah90,  Dej84,  Duc89,  Boc92].  Dunon 


Rahaman  [Dut92]  used  a model  composite  system  consisting  a mixture  of  spherical  soda- 
lime  glass  particles  and  spherical  nickel  inclusion  particles  to  measure  G,  and  check  the 
validity  of  the  SC  model.  It  was  observed  that  while  the  SC  models  and  the  Hashin- 
Shtrikman  lower  bound  can  describe  the  observed  data  for  Ge  for  the  composites  with  the 
coarser  inclusions  (150  - 300  pm) . they  foiled  for  the  liner  (6  - 10  pm)  inclusions  (Figure 
2,13).  The  increase  in  viscosity  of  the  composites  with  the  finer  inclusions  showed  trends 
similar  to  the  numerical  analysis  of  Scherer  and  Jagola  (Sch91),  but  the  magnitude  of  the 
observed  increase  (-  50  times)  was  lower  than  that  predicted  by  the  model  (I04),  which 
assumed  bonded  contacts  [Dut92].  If  the  contacts  were  allowed  to  slip,  then  the  percolation 
threshold  would  not  coincide  with  the  rigidity  threshold  (where  sintering  essentially  stops) 
and  the  predicted  increase  in  Gt  would  be  much  lower. 

Recently,  Sacks  and  co-workers  [Sac91a,  Sac91b.  Sac92.  Sac93]  developed  a novel 
process  to  fabricate  glass-matrix  composites  by  sintering  compacts  comprising 
microcomposite  particles.  These  particles  consisted  of  outer  coatings  of  a glassy  phase 
(SiOj  or  BjOj-SiOj),  and  inner  cores  of  crystalline  materials  (i.e.,  AI.O,.  SijN4,  Zt02, 
and/or  SiC).  Powder  compacts  prepared  with  the  microcomposite  particles  showed 
enhanced  densification.  The  increased  densification  rale  for  the  former  sample  was 
attributed  to  the  fact  that  the  formation  of  a contiguous  network  of  rigid  inclusions  was 
avoided  by  encapsulating  the  crystalline  particles  with  the  siliceous  phase  [Sac91a,  Sac93]. 
Recent  investigations  by  Rahaman  and  co-workers  [Fan92,  Hu92]  identified  inclusion 
panicle  interactions  and  the  packing  of  the  matrix  phase,  especially  in  the  regions 


compared  with  the  predictions  of  Scherer's  SC  model  using  (a)  the  measured  values  for 
Gc,  and  (b)  the  Hashin-Shtrikman  lower  bound  [Dut92]. 


vith  a cladding  of  fine-grained,  crystalline  ZnO  powder 


sinterabiliry  in  polycrystalline  mat 

using  a chemical  precipitation  technique.  As  expected,  the  use  of  coated  particles  led  to  a 
remarkable  improvement  in  the  sinicrabiliiy  of  bulk  composites  (Figure  2.14  [Hu92]). 
Composites  containing  up  to  -40  vol%  inclusions  were  sintered  to  nearly  full  density.  This 
was  a remarkable  improvement  over  composites  formed  by  conventional  mixing  where 
modest  inclusion  contents  of  -10  vol%  were  found  to  lead  to  a severe  reduction  in  the 
sinterability  of  the  composite  [Fan92], 


Figure  2.14.  Matrix  relative  density  vs  temperature  for  the  composite  formed  from  the 
formed  from  conventionally  mixed  powdets  [Hu92]. 


CHAPTER  3 

EXPERIMENTAL  PROCEDURE 


Microcompositc  particles  were  prepared  by  precipitating  a coating  of  amorphous 
SiOj  on  to  Si,N,  core  particles.  Subnticromcter  core  particles  were  desired  for  the  coating 
process.  High-purity  a-Si,N,'  (<1.5  wt%  O)  powder  was  fractionated  using  centrifugal  and 

The  procedure  was  based  on  the  Stokes  law  for  sedimentation  of  particles  in  a dilute 
aqueous  suspension  (-0.75  vol%).  Powdets  (Lot  1)  for  a preliminary  investigation  (Section 
4.1)  were  prepared  by  combining  powders  obtained  from  both  gravity  and  centrifugal 
sedimentation  experiments  while  the  powders  (Lot  2)  used  in  more  detailed  studies 
(Sections  4.2  and  4.3)  were  obtained  by  gravity  sedimentation  alone.  The  detailed 
fractionation  procedures  are  described  in  Appendix  A.  Figure  3.1  shows  plots  of 
cumulative  volume  percent  vs.  Stokes  diameter  for  both  the  as-received  and  fractionated 
powders,  which  were  determined  using  a centrifugal  photosedimentation  method'  (see 
Section  3.2.2  for  details).  The  as-received  SijNj  powder  had  -9%  particles  with  diameter 


greater  than 


i -0.50  pm.  In 
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of  Lot 


fractionated  powders  were  submicrometer  in  size  and  the  median  particle  diameters  o 
1 and  Lot  2 powders  were  -fill  pm  and  -0.33  pm,  respectively. 

core  SijN.  powder  and  tetraethyl  orthosilicate  (TEOS)>  os  starting  materials.  The 
detailed  step-by-step  procedure  for  the  preparation  of  these  powders  is  described  in 
Appendix  B.  A dilute  (-2  vol%)  suspension  of  the  core  particles  was  prepared  in  ethanol* 
using  styrene-maleic  anhydride  co-polymer3  as  the  dispersant  A TEOS/ethanol  solution 
was  mixed  into  this  suspension.  Precipitation  of  the  Si02  coating  on  the  core  particles 
was  induced  by  the  addition  of  concentrated  (—30  wl%  NHj)  ammonium  hydroxide 
solution.  Composite  powders  with  different  Si02  contents  were  prepared  by  varying  the 
TEOS/SijN,  ratio  in  the  coating  suspension.  Table  3.1  lists  the  amounts  of  different 
components  used  in  the  coating  experiments.  Alter  precipitation  of  the  coating,  the 
powders  were  washed  with  deionized  water  and  pressure-filtered  using  0.22  pm  nylon 
filter  paper.  The  powders  were  oven-dried  at  ~80°C  for  24  hours  and  then  stored  in  a 

Three  independent  series  of  composite  powders  were  prepared  for  the  current 
investigation.  For  Series  I,  samples  with  overall  Si02/SijN4  volume  ratios*  of 40/60, 60/40, 
80/20,  and  85/15  were  synthesized  using  Lot  I Si3N4  core  powder.  Powders  for  Series  II 
were  prepared  using  Lot  2 Si3N4  core  powder  and  they  had  overall  compositions  of  60/40 


and  85/15.  For  Series  ill.  composite  powdets  with  overall  compositions  of  30/70, 40/60, 
50/50,  and  60/40  were  prepared  using  Lot  2 Si3Nt  core  powder  and  ultra-high  purity 
TEOS’ as  starting  materials. 


Table  3.1.  Amounts  of  Components  in  the  Coating  Experiments 
5icV  ml  ethanol/ g TEOS  gTEOS/gSijN,  ml  NH,OH/g  TEOS 


SijN/ 

"30/70  i07lS  1.014 

40/60  107.5  1.497 

50/50  107.5  2.365 

60/40  107.5  3.531 

80/20  107.5  9.418 

85/15  107.5  13.401 


It  is  important  to  note  that  the  nominal  volume  ra 
based  on  the  assumption  that  precipitation  of  SiOj  occ 

concentration  in  the  composite  powder  may  be  slightly 
However,  this  effect  may  have  been  compensated  for  (i 
of  SiO,  [D.  Kisailus  and  M.D.  Sacks,  personal  commur 
particle  surface.  Since  the  density  of  the  core  powder  (» 
the  calculation  of  volume  ratios,  these  values  actually 


tios  stated  earlier  were  calculated 
uired  with  100%  yield.  It  must 
in  solution  and  therefore  SiOj 
lower  than  the  calculated  value, 
it  least  partially)  by  the  presence 
lication,  1996]  on  the  core  SijN4 
,hich  contains  SiOj)  was  used  for 


which  seems  to  suggest  that  SiO:  precipitation  indeed  did  not  occur  with  100%  yield 


powders  used  in  this  study  wi 


: prepared  by  the  method  of 
ders  were  produced  with  me 


diameters  in  the  range  of  0.20  • 0.52  pm.  Reagent  grades  of  TEOS1.  ethanol9,  and 
concentrated  (-30  wt%  NHj)  NH4OH  solution10  were  used.  4.5  liters  of  ethanol  and  234g 
TEOS  (-250  ml)  were  used  per  batch  (-70  grams)  of  SiO;.  The  median  particle  size  was 
varied  by  varying  the  amounts  of  NH4OH  solution  (i.e.,  by  varying  the  amount  of  water). 
Table  3.2  lists  the  amount  of  NH.OH  used  to  produce  the  various  sizes  of  SiO;  powders 
prepared  in  this  study. 


Table  3.2.  Amounts  of  N'H.OH  Used  to  Prepare  Various  Sizes  of  SiO;  Powder 
Batch  No.  Median  Panicle  Size  (pm)  NI^OH  Solution  (ml) 

1 -0.25  275 

2 -0.30  290 

3  -0.52 350 


Ethanol  from  a recently  opened  (i.e.,  less  than  two  weeks  after  breaking  the  seal) 


; filtered  through ; 


filter  paper" 


ninant  particles. 


The  measuring  cylinders  and  erlenmeycr  flasks  used  in  the  powder  preparatio 


cleaned  with  soap  solution11,  rinsed  with  deionized  water  (to  remove  the  soap  solution),  and 
rinsed  with  Altered  ethanol.  The  containers  were  then  dried  in  a convection  oven  for  -6 
hours  at  ~70°C  in  air.  Finally,  the  mixing  flask  was  rinsed  with  filtered  ethanol  and  the 
measuring  cylinders  were  rinsed  with  the  corresponding  chemicals,  viz.,  filtered  ethanol, 
TEOS,  and  NH.OH  solution. 

The  chemicals  were  mixed  using  the  following  procedure.  In  a 61  erlenmeycr  flask. 
4500  ml  of  filtered  ethanol  was  poured  and  the  ethanol  was  kept  stirring  using  a 2 in. 
magnetic  stirrer.  A concentrated  NH4OH  (-30  wt%  NHj)  solution  was  then  added  to  the 
ethanol.  After  ~5  min,  TEOS  was  quickly  (in  -5  s)  transferred  to  the  alcohol-ammonia 
mixture.  The  onset  of  precipitation  was  determined  by  the  change  in  color  (from  clear  to 
translucent)  of  the  solution.  The  SiO;  particles  began  to  precipitate  within  ~10  min  and  the 
mixture  was  stirred  for  an  additional  45  min  in  an  attempt  to  complete  the  reaction.  The 
precipitated  SiO;  powder  was  removed  from  the  alcohol  solution  using  the  same  filtration 
procedure  as  that  used  for  the  composite  powders  (see  Appendix  B).  The  filtered  cakes 
were  dried  at  ~80°C  for  6h  and  ground  for  -10  min  using  an  alumina  mortar  and  pestle. 
The  powders  were  then  loosely  packed  in  a high-purity  alumina  crucible'*  and  calcined  in 
air  for  24  h at  200°C.  Figures  3.2  A-C  and  Table  3.2  show  the  results  from  particle  size 
distribution  measurements  on  these  powders.  (The  measurement  method  is  similar  to  that 
described  in  Section  3.2.1.  The  pH  of  the  SiO;  suspension  was  adjusted  to  ~8.0  and  the 
density  of  the  200°C  heat  treated  SiO;  was  assumed  to  be  2.08  g/cm!  (Sac84aJ). 
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3.1.3.  Polystyrene  (PS)  Panicles 

Polystyrene  (PS)  panicles  were  synthesized  by  a dispersion  polymerization 
technique  developed  by  Lu  et  al.  [Lu88j.  The  detailed  synthesis  procedure  is  provided  in 
Appendix  C.  SEM  observations  (see  Figure  3.3)  on  the  PS  particles  prepared  in  this  study 
showed  that  the  particles  were  nearly  spherical  and  monosized.  The  number-based  diameter 
distribution"  of  these  particles  is  depicted  by  the  histogram  plot  shown  in  Figure  3.4.  The 
mean  panicle  diameter  was  calculated  to  be  1.89  pm.  The  geometric  standard  deviation 
was  1.05. 


Panicle  size  distributions  were  measured  using  a centrifugal  photo-sedimentation 
analyzer".  Suspensions  with  -0.01  vol%  powder  were  prepared  by  adding  oven-dried 
(~80°C)  powder  to  deionized  water.  Sufficient  base  (IN  NH4OH)  was  added  to  both  as- 
received  and  fractionated  SijN,  suspensions  to  bring  the  pH  in  the  range  9.6-10.0.  The 
same  base  was  also  added  to  the  microcomposite  particle  suspensions  to  bring  the  pH  to 
9.0-9.2.  The  electrostatically-stabilized  suspensions  were  ultrasonicated"  for  -1  hour  and 
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the  pH  was  re-checked  prior  to  the  panicle  size  measurement.  The  various  parameters  used 
for  the  measurements  are  listed  in  Tables  3.3  through  3.5.  Particle  size  analysis  was 
performed  twice  on  each  powder  to  ensure  that  reproducible  data  was  collected. 


Table  3.3.  Parameters  for  Particle  Size  Analysis  for  Series  I Powders. 


SijNj  AR* 

Si,N,  f* 

60/40 

80/20 

Solvent  Density  25UC  (g/cm’) 

1.00 

1.00 

1.00 

1.00 

Solvent  Viscosity  2S°C  (mPa»s) 

0.89 

0.89 

0.89 

0.89 

Powder  Density”  (g/cm3) 

3.19 

3.19 

2.51 

2.28 

Maximum  Particle  Size  (pm) 

2.00 

1.00 

1.00 

1.00 

Minimum  Particle  Size  (pm) 

0.08 

0.05 

0.13 

0.13 
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Table  3.4.  Parameters  for  Panicle  Size  Analysis  for  Serie 


Si,N<  f 60/40 
Solvent  Density  25“C  (g/cm’)  fOO  Too” 

Solvent  Viscosity  25°C  (mPa-s)  0.89  0.89 

Powder  Density  (g/cm3)  3.19  2.51 

Maximum  Panicle  Size  (pm)  1.00  1.20 

Minimum  Particle  Size  (pm)  0.05  0.10 


85/15 

1.00 

0.89 


Table  3.5.  Parameters  for  Particle  Size  Analysis  for  Series  III  Powders. 


30/70 

40/60 

50/50 

60/40 

Solvent  Density  25”C  (g/cm') 

1.00 

1.00 

Solvent  Viscosity  25°C  (mPa»s) 

0.89 

0.89 

0.89 

0.89 

Powder  Density  (g/cm3) 

2.85 

2.73 

2.62 

2.51 

Maximum  Particle  Size  (pm) 

1.2 

1.00 

1.00 

1.00 

Minimum  Particle  Size  (pm) 

0.1 

0.1 

0.1 

0.1 

adsorption  instrument’1  using  the  multipoint  BET  method.  Approximately  1 -2  g of  vacuum 
oven  dried  (100°C,  4h)  powder  was  used  for  the  analysis.  Prior  to  the  measurement,  the 
samples  were  outgasscd  in  the  measuring  cell  under  flowing  nitrogen  for  at  least  4 hours  at 
1 50°C.  Two  separate  measurements  were  conducted  for  each  powder  sample. 

Scries  II  and  Series  111  powders  were  analyzed  using  an  automated  surface  area  and 
pore  size  analyzer’9.  Prior  to  the  measurement,  approximately  1-2  g of  vacuum  oven  dried 
(I00°C,  2h)  or  calcined  (for  6h  at  temperatures  in  the  range  200  - 800°C)  powder  was 
degassed  under  flowing  nitrogen  for  -6  hours  at  200°C.  Only  one  powder  sample  was  used 
for  each  composition  investigated,  i.e.,  data  at  different  calcination  temperatures  was 
obtained  on  a single  sample  which  was  progressively  calcined  at  increasing  temperatures. 


In  addition,  for  a given  calcination  temperature,  only  one  measurement  was  carried  out  for 
each  powder  sample. 

Nitrogen  gas  adsorption/desorption  experiments  were  performed  at  77K  in  the 
pressure  range  of 0-950  nun  Hg.  If  v,  is  the  volume  of  gas  adsorbed  expressed  in  cmJ/g  of 

V,=/(p/p°>T  P-1) 

where  p is  the  pressure  of  the  gas  (vapor),  p°  is  the  saturation  vapor  pressure  of  the  gas,  T is 
the  temperature,  and  / (x)  denotes  a function  of  any  given  variable  x.  Adsorption  and 
desorption  isotherms  were  obtained  as  plots  of  v,  vs.  p/p°,  for  adsorption  and  desorption, 
respectively.  Surface  areas  were  measured  using  the  5-point  BET  method  [Gre82],  as 
described  briefly  below.  The  BET  equation  for  gas  adsorption  is  expressed  as 

(p/pV[0-p/p°Xv,)]  - l/<v„C)  + [(C-lXp/p°)]/(v„C)  P-2) 

vm  = volume  of  the  monolayer  adsorbed  (in  cm3/g  of  the  solid)  and 

The  values  of  v,  were  collected  at  five  nitrogen  relative  pressure  values  in  the  range  of  0. 1 6 
to  0.28.  A least  squares  fit  was  performed  by  an  algorithm  [Acc92]  on  the  computed  values 
of  the  term  in  the  left  hand  side  of  eq.  (3.2)  plotted  as  a function  of  the  relative  pressure, 
p'p".  Consequently,  a slope,  S,  and  a y-intercept,  Ym.  were  obtained.  The  BET  specific 
surface  area,  SAB£T  (m2/g),  was  then  calculated  as  (Acc92] 

SAbet  = l(CSAX6.O23xl0a)]/[(22414  cmJ  STPX101'  nm^XS+Ywi))  (3.3) 

CSA  = nitrogen  gas  molecular  cross-sectional  area  = 0. 1 62  nm’ 


The  C value  in  the  BET  equation  was  c 
C = (S  + YNrV(YIKr) 
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Micropore  (detined . 


approach  of  Harkins  and  Jura  [Gre82).  A thickness  parameter,  T,  corresponding  to  a 
nitrogen  relative  pressure  of  p'p”,  was  defined  as  [Gre82] 

T = [ 13.99/(0.034  - !og(p/p°))  f5  (3.5) 

A least  squares  fit  was  performed  on  the  measured  values  of  the  amount  of  gas  adsorbed,  vg, 
plotted  as  a function  of  T.  Accordingly,  a slope,  Sj,  and  a y-interccpt,  Yj,  were  obtained. 


The  external  specific  surface  area  (defined  as  the  surface  area  of  the  primary  particles 
excluding  the  area  of  any  the  pores  within  the  primary  particles  which  ore  tcimed  as 
"internal"  porosity  or  "micropores"),  SAEXT  (m!/g),  was  then  calculated  as  [Acc92] 

SAExt  = (Sj  cm3/g-A  STPXIO10  A/m)(D  cmJ  liquid/cmJ  STP)  / [F(10*  cm3/m5)}  (3.6) 


F * surface  area  correction  factor  = 1 
D = density  conversion  fector  “ 1.546x10°  cm3  liquid/cm3  STP 

The  micropore  surface  area,  SAMP  (mJ/g),  was  calculated  as  [Acc92] 

SAmp  = SAbei  • SAjxj  (3.7) 

The  micropore  volume  was  determined  by  |Acc92] 

vMP  = (Y3  cm3/g  STPKD  cm3  liquid/cm3  STP)  (3.8) 

In  the  current  investigation,  the  measuring  apparatus  used  an  algorithm  [Acc92]  to 


s.  (3.6)  through  (3.8). 
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Figure  3.5.  Schematic  showing  the  pore  geometry  assumed  for  calculation  of  pore  size 

The  desorption  branch  of  the  isotherm  was  used  to  relate  the  amount  of  adsorbate 
(nitrogen)  lost  in  the  desorption  step  to  the  average  diameter  of  the  pores  emptied  in  the 
step.  A pore  (see  schematic  in  Figure  3.5)  loses  its  condensed  liquid  adsorbate,  known  as 
the  “core"  of  the  pore,  at  a particular  relative  pressure  related  to  the  "core”  radius,  r„  by  the 
Kelvin  equation  [Gre82] 

In  p/p°  - K2yVL/RTKI/rc)  (3.9) 

where  \L  is  the  molar  volume  and  y is  the  surface  tension  of  the  adsorbed  liquid  (nitrogen). 
After  the  core  has  evaporated,  a layer  of  adsorbate  remains  on  the  wall  of  the  pore.  The 
thickness  of  this  layer  is  given  by  the  thickness  equation,  cq.  (3.5)  [Acc92],  This  layer 
becomes  thinner  with  successive  decreases  in  pressure,  so  that  the  measured  quantity  of  gas 
desorbed  in  a step  (i.e.,  at  any  given  p/p“)  is  composed  of  a quantity  equivalent  to  the  liquid 
"cores’'  evaporated  in  that  step  plus  the  quantity  desorbed  from  the  walls  of  the  pores  whose 

during  the  desorption  process).  Barrett,  Joyner,  and  Halenda  [Gre82]  developed  a detailed 
procedure  (known  as  the  BJH  method)  that  incorporated  this  approach  to  calculate  the  pore 


size  distribution.  In  the  current  investigation,  the  measuring  apparatus  used  a complex 
algorithm  (Acc92)  implementing  the  BJH  method  to  determine  the  pore  size  distribution, 
i.e.,  the  plots  of  cumulative  pore  volume  (Vp,  in  cm3/g)  vs.  the  pore  diameter  (Dp  in  nm). 
Differential  volumes  (with  respect  to  diameter).  dV/dD,  were  then  calculated  as  [Acc92] 
(dV/dD),  = Vpl/(Dpl  - Dp,,,)  (3.10) 

Vp,  = incremental  pore  volume  for  the  Ith  step  (i.e,  for  a relative  pressure  of  p,/p°) 
Dp, , Dp,,,  ■ pore  diameters  corresponding  to  Ith  and  (l+l)th  steps,  respectively. 


Electrophoretic  mobilities  were  measured  on  the  core  and  composite  powders  using 
a laser  microelectrophoresis  instrument*1.  Dilute  (40-60  ppm)  suspensions  were  prepared 
by  adding  a small  amount  of  powder  dried  (24h  at  ~80°C  in  vacuum)  to  an  aqueous  KC1 
solution  (I0*3  M in  deionized  water).  The  suspension  pH  was  varied  using  additions 
(ranging  from  10'3  - 10'1  ml  in  iOOml  of  suspension)  of  0.0IN  HN03  (for  pH  2.0-6.0)  or 
0.01N  NHjOH  (for  pH  6.0-10.0).  Prior  to  the  mobility  measurements,  the  suspension  was 
placed  in  a low-shear  tumbler  for  18-24  hours  to  allow  pH  stabilization.  For  each  powder, 
electrophoretic  mobilities  were  determined  for  two  independent  samples  at  the  "top"  and 
"bonom"  stationary  levels.  (The  observed  particle  velocity  is  the  sum  of  the  electrophoretic 
velocity  of  the  particle  relative  to  a stationary  liquid  and  the  electro-osmotic  velocity  of  the 


apillary  lube.  Since  the  electrophoresis  cell  is 


villcflow.  The 


which  the  flow  rales  in  Ihc  forward  and  backward  directions  are  equal.  These  locations  are 
termed  as  the  "stationary  levels"  of  the  cell  and  they  occur  at  70.7%  of  the  radial  distance 
from  the  center  of  the  cylindrical  capillary.  Experimentally,  the  “top”  and  "bottom" 
stationary  levels  are  located  at  a distance  14.65%  of  the  capillary  diameter  from  the  two 
capillary  walls  as  viewed  in  cross-section.  A particle  tracked  at  these  positions  will  have  its 

The  suspensions  were  prepared  in  the  KCI  solution  in  order  to  maintain  the  ionic 
strength  invariant.  The  ionic  strength  (I)  of  a solution  is  defined  as. 

1 = 1/2  Zz,!'M|  (3.11) 

z,2  = valency  of  the  ions  of  type  i. 

M,  - concentration  of  the  ions  of  type  i in  solution  (molcs/l).  and 

I denotes  summation  over  i 

The  ionic  strength  of  the  KCI  solution  can  be  calculated  os  1/2*(1*10'3 *+1*10‘3)  = 10" 

3 moles/1.  If  10’* 1  ml  (the  maximum  amount  used  in  the  experiments)  of  0.01N  HNO,  or 
0.01  N NH4OH  is  added  to  100ml  of  the  KCI  solution,  their  concentration  can  be  calculated 

as  ( 1 0‘V  I OOOpO.0 1 •( 1 000/ 1 00)  = 10'5  moles/1.  The  total  ionic  strength  then  becomes 
l/2-(I»10‘3  +I-10'3  +1’I0'S  +1  • 10'5)  = 1.01*1 0'3  moles/I.  In  other  words,  the  change  in  ionic 

strength  resulting  from  the  addition  of  the  acid  or  base  results  is  only  1%.  Therefore  it  is 
dear  that  the  ionic  strength  remains  almost  constant  with  the  additions  of  HNO;  or  NH4OH. 
(It  is  noted  that  when  acid  or  base  is  added  to  the  suspension,  some  of  the  H*  and  OH  will 
adsorb  on  the  particle  surface.  Therefore,  the  ionic  strength  of  the  solution  may  be  slightly 


base  additions  will  be  even  lower  than  the  calculated  increase.  Furthermore,  it  is  noted  that 
the  solubility  of  the  particles  in  suspension  was  neglected  in  the  calculations.  The  solubility 
of  the  SiO,  particles  and  the  Si02  coatings  in  the  composite  particles  are  dependent  on  the 
pH  of  the  suspension.  At  extreme  pH  values  (i.e.,  typically,  <4  and  >8),  the  solubility  is 
significant.  However,  since  the  suspensions  used  were  very  dilute,  the  solubility  of  SiOj  is 
not  expected  to  cause  any  significant  errors  in  the  calculation  of  the  ionic  strength  values. 
For  Si3N4  suspensions,  it  is  presumed  that  the  solubility  is  negligible  and  therefore,  the 
associated  error  in  the  calculated  ionic  strength  values  is  also  negligible.) 

In  order  to  calculate  zeta  potentials  it  is  necessary  to  determine  the  value  of  xR, 
where  R is  the  particle  radius  (m)  and  k (m'1)  is  the  Debye-Huckel  parameter,  defined  by, 
tc!  - (e!/EE„kT)  SZi!*n,  (3.12) 

e = electron  charge  = 1.6x10'”  C,  ^ 

T = temperature  = 298K.  and 

n,  - number  of  ions  of  type  i (/m3) 

= M|  N,/1000,  where  NA  is  the  Avogadro’s  number. 

For  symmetric  electrolyte  (i.e.,  for  z,  = z.  = z)  solutions,  eq.  (3.12)  can  be  reduced 

k (cm*1)  = 3.29xl07  |z|  Mw  (3.13) 

where,  z is  the  valency  and  M is  the  molarity.  For  the  KC1  solution  used  in  the  current 
study,  k was  calculated  to  be  1.04xl06  cm'1  by  using  eq.  (3.13)  and  recognizing  that  z = 1 
and  M - 10'\  Particle  size  measurements  on  composite  powders  (Figure  4.41)  have  shown 
that  the  median  Stokes  diameter  of  the  Series  II  and  Series  III  composite  powders  is  in  the 


age  of  0.4  - 0.5  pm  (i.e.  the  media 


i - 0.25  pm).  Based  i 


these  values,  the  calculated  values  of  kR  range  from  ~21  - 26,  The  loti  and  lot2  SijN4  core 
powders.  Scries  1 60/40  composite  powder,  and  the  batchl  SiO;  powder  had  median  Stokes 
diameters  (obtained  from  centrifugal  sedimentation  measurements)  of  —0.27,  —0,33,  -0.30, 
and  -0.25  pm,  respectively.  The  corresponding  kR  values  were  calculated  to  be  -14,  -16, 
—17,  and  -13,  respectively. 

Zcta  potentials  can  be  calculated  from  electrophoretic  mobilities  using  the  Hemy 
equation  [Parti]: 

C-pt|/[rtxR)GeJ  (3.14) 

where  C,  - zcta  potential  (V),  p = electrophoretic  mobility  (mV'V'1),  q “ solvent 
viscosity  (0.89  x 10°  Pa*s),  c = relative  dielectric  constant  of  liquid  (-78),  e„  = permittivity 
of  vacuum  (8.854  x 10'1J  F/m),  and /(kR)  is  a complicated  function  of  kR  in  which/(xR) 
varies  from  2/3  to  1 as  xR  goes  from  0 to  to.  (When / (xR)=l,  eq.  (3.14)  reduces  to  the 
well-known  Helmholtz-Smoluchowski  equation  [Parti]).  Henry  [Hcn31]  plotted/(xR)  as 
a function  of  xR  and  it  was  deduced  from  this  plot  that  / (xR)  varied  from  0.88  to  0.90  as 
xR  varied  from  21  to  26  (for  calculation  purposes / (xR)  was  assumed  to  be  0.89  for  all  the 
Series  II  and  Series  III  composite  powders).  It  was  also  deduced  that  the  values  of/(xR) 
for  loti  and  lot2  SijN4  core  powders.  Series  I 60/40  composite  powder,  and  batchl  SiOj 
powder  were  -0.86,  -0.87,  -0.87,  and  -0,85,  respectively.  For  the  polystyrene  (PS) 
particles  with  a diameter  of  -2  pm,  xR  - 104,  and  therefore /(xR)  = 1 was  substituted  in 
eq.  (3.14)  (i.e.,  Helmholtz-Smoluchowski  equation  [Par81]  was  used). 

Wierscma  et  a).  [Wie66]  showed  that  for  relatively  low  values  of  tcR  and  for 


the  zeta  potential.  (Henry's 


[Hcn31] 


neglected  relaxation  effects.)  Therefore,  it  is  important  to  determine  if  Henry's  calculations 
are  valid  for  the  powders  used  in  the  current  study.  For  this  purpose,  it  is  necessary  to 
calculate  two  dimensionless  parameters  H and  qt  using  the  following  equations  [Wic66]: 

E = 0.7503  x p (3.15) 

qc  = 0.3289  x 10*  (M  • SL)10  R (3.16) 

where,  p is  the  electrophoretic  mobility  in  (im'cm’V  '.s1,  M is  the  electrolyte  concentration 
in  equivalents  per  liter  (i.e.,  the  molarity  of  KCI  = 10"3),  z.  is  the  valence  of  the  anions  (=  1), 
and  R is  the  particle  radius  in  pm.  Wiersema  et  al.  [Wie66]  determined  that  there  was  a 

that  it  was  a function  of  qc.  The  calculated  value  for  q,,  the  limiting  value  of  E (EJ  and  the 
limiting  value  of  mobility  (p^,  calculated  using  eq.  (3. 1 5))  for  various  powders  are  shown  in 
Table  3.6.  (The  particle  radius  was  determined  as  half  the  median  Stokes  diameter 
determined  by  centrifugal  sedimentation  measurements.)  Henry's  treatment  is  valid  only 

4.3  and  4.20  - 4.21  reveals  that  most  of  the  mobility  values  were  higher  than  the  critical 
required  for  the  applicability  of  Henry’s  approach.  In  such  cases,  the  zeta  potentials  were 
determined  as  follows.  First,  a dimensionless  parameter,  y;.  was  determined  for  the  E and 
q,  values  (calculated  from  cqs.  (3.15)  and  (3.16),  respectively)  using  tables  provided  in  the 
treatment  of  Wiersema  ct  al.  [Wie66).  Second,  the  zeta  potential  (C,  in  mV)  was  determined 

(3.17) 


5 = 25.69.yt 


Tabic  3.6.  List  ofCalculatedqc,Eu.  and  | 


i for  Various  Powders 


Powder 
Loll  SijN, 
Lot2  SijN* 
Scries  1 60/40 
baichl  SiO; 
Series  in  30/70 
Series  111  40/60 
Scries  HI  50/50 
Series  111  60/40 
Series  n 83/1 S 


(pm) 

0.135  14 

0.165  17 

0.150  16 

0.125  13 

0.195  20 

0.210  22 

0.225  23 

0.240  25 

0.260  27 


-1.7  -2.3 
-1.8  -2.4 
-1.8  -2.4 
-1.9  -15 


X-rav  pholoeleciron  spectroscopy  (XPS) 

X-ray  phoioclectron  spectroscopy  (XPS)  was  carried  out.  using  a spectrometer1,  on 
powders  that  were  vacuum  oven  dried  at  I00°C  for  24h.  A small  quantity  of  powder 
<— O.lg)  was  evenly  spread  on  a double-sided  tape  mounted  on  a stainless-steel  sample 
holder.  Analysis  was  performed  at  binding  energies  in  the  range  0-1500  cV. 


Powder  X-ray  diffraction  (XRD)  patterns  were  obtained  using  a diffractometer11 
with  Ni-filtered  CuKa  radiation  and  a scan  rale  of  37mm.  Prior  to  the  measurements. 
-0.5g  of  the  dried  (for  24h  at  80°C  in  air)  powder  sample  was  firmly  packed  into  an  acrylic 
sample  holder.  Data  was  collected  in  the  20  range  of  5°  - 85°. 


del  APD  3720.  Philips  electronic  Ina 


Samples  for  scanning  clc 


ticroscopy  (SEM)'1  were  prepared  using  dilute 


suspensions  (-100  ppm)  of  the  powder  dried  (for  24h  at  80°C  in  air)  in  ethanol,  which  were 

substrate  (-5mm  x 5mm)  was  attached  to  an  aluminum  SEM  mount  with  carbon  paint.  One 
drop  of  the  suspension  was  deposited  on  the  substrate  and  the  solvent  was  allowed  to 
evaporate.  The  sample  and  the  mount  were  then  sputter-coaled  with  a thin  (»  100  A)  gold- 
palladium  film  for  SEM  analysis.  The  aforementioned  suspensioas  were  also  used  to 
prepare  samples  for  transmission  electron  microscopy  (TEM)'1  and  high-resolution  TEM 
(HRTEM)”  analyses.  Approximately  1-2  drops  of  the  suspension  were  pipetted  on  a Cu 
grid  loosely  placed  on  a glass  slide  and  the  solvent  was  allowed  to  evaporate.  The  TEM 
and  HRTEM  observations  were  made  at  magnificatioas  in  the  ranges  of  50.000-100.000x 
and  400.000-500.000x.  respectively. 

TEM  samples  were  prepared  by  depositing  one  drop  of  a dilute  (-lOOppm) 
suspension  of  the  composite  particles  in  ethanol  on  to  a Cu  grid.  After  drying,  random 
areas  of  the  grid  was  sampled  to  obtain  TEM  images  (15-25)  of  individual  particles.  The 


; traced  (using  a line  thickness  of  0.25 


pts  or  -0.08  mm)  using  a drawing  software*.  The  traces  were  then  imported  back  to  the 
graphics  software.  Quantitative  analysis  was  carried  out  on  the  traced  particles  using  an 
image  analysis  software”  by  the  following  procedure.  First,  the  core  panicles  were  filled 
with  black  color  and  the  perimeter  (Pj,,)  and  cross-sectional  area  (Ajn)  of  these  panicles 
were  measured.  Second,  the  entire  composite  was  filled  and  the  corresponding  perimeter 
(Pc)  and  the  cross-sectional  area  (Ac)  of  the  composite  were  determined.  Figure  3.6 
schematically  illustrates  the  parameters  measured  using  the  image  analysis. 


Scanned  Image  Psa , As#  Pc . Ac 

Figure  3.6.  Schematic  showing  the  image  analysis  parameters  that  were  measured.  P and  A 
denote  perimeter  and  area,  respectively,  of  the  panicle.  (SN=core  particle  and  C=  composite 


and  perimeters  as  described  below: 


Area-based  equivalent  diameter  or  Si  jN4  , dj*  = ( 4AW  / it  )la  (3.18) 

Area-based  equivalent  diameter  of  composite,  dc=(4Ac(  it)10  (3.19) 


: fraction"  of  SijNj,  I 


= <AW/AC))' 


(3.20) 


Area-based  average  coating  thickness , I,  = (dc  - dSN)  / 2 


(3.21) 


It  follows  front  eq.  (3.21)  that. 


■(Acln-ASNl'Vit1' 


(3-22) 


Shape  factor1'  ofSijN, . S.*  = Pjn  2 / (4aA5N) 


(3-23) 


Shape  factor  of  composite  ,SC  = PC!/ (4nAc) 


(324) 


Samples  for  ICP  analysis  were  prepared  using  the  following  technique.  ~0.25g  of 
the  composite  powder  was  heated  in  a box  furnace"  at  450°C  for  6h.  When  the  furnace 
cooled  to  ~150°C,  the  sample  was  quickly  transferred  to  a vacuum  desiccator  and  allowed 
to  equilibrate  at  room  temperature  for  ~6h.  ~408g  of  a concentrated  (-49  wt%)  HF 
solution”  was  mixed  with  ~592g  of  deionized  water  to  form  a ~20  wt%  HF  solution.  The 
dry  powder  was  accurately  weighed  and  then  transferred  to  a clean  30  ml  plastic  bottle 

mixed  by  manually  shaking  for  -2  min  and  placed  in  a constant  temperature  water  bath  at 
18°C  for  -4h  to  completely  dissolve  the  SiO,  coating.  The  etched  powder  suspension  was 
then  poured  into  50  ml  plastic  centrifuge  tubes.  A centrifuge  apparatus"  was  used  to 


ntrifugc  the  suspensio 


upematam 1 


transferred  to  a clean  30ml  plastic  bottle.  To  a 30  ml  plastic  bottle.  39g  of  deionized  water 
and  1 g of  the  clear  supernatant  were  added  and  the  resulting  solution  was  shaken  for  ~2min 
and  used  for  ICP  analysis. 

Silicon  concentrations  in  solution  were  determined  by  on  ICP  apparatus"  calibrated 
using  o 50  ppm  Si  standard  solution11.  The  compositions  of  the  pow  ders  were  determined 
using  the  following  calculation  procedure.  If  the  measured  silicon  concentration  is  denoted 
by  C,  (ppm),  the  total  amount  of  silicon  (W,  g)  in  the  analysis  suspension  (40  g total)  is 
equal  to  C.MQ^'WO).  Therefore  Ig  of  die  supernatant  from  ccntrituging  contained  W,  g of 
silicon.  If  Wj  is  the  weight  of  Si02  in  this  solution,  then  it  can  be  expressed  as,  W,  = 
W,'60/28  g.  It  follows  that  the  ratio  of  the  weights  of  SiO:  and  the  HF  solution  in  the 
supernatant  solution  is  Wjf(l-Wj).  Since  the  total  amount  of  HF  solution  used  was  21.08g, 
the  total  amount  of  SiOj  dissolved  in  this  solution  (W3)  is  given  by  21 ,08*W2/(1-W2). 

In  order  to  determine  the  relative  amounts  of  the  phases,  powder  true  densities  of 
Si02  and  Si3N4  are  necessary.  The  true  density  of  Si02  and  the  core  Si3Nt  powders  were 
assumed  to  be  2.15  g/cm3  (~450°C  heat  treated  [Sac84a])  and  3.19  g/cmJ  (100°C  vacuum 
dried  [Bag92]),  respectively.  The  Si03  content  in  the  Si3N4  powder  was  not  determined 
in  this  study.  However,  another  study  [D.  Kisailus  and  M.D.  Sacks,  personal 

present  on  the  core  Si3N4  surface.  Therefore  the  assumed  true  density  of  the  core  powder 
is  actually  the  density  of  a “composite"  powder  with  a composition  of  -'2  vol%  Sio,  / 


: powder  (which  I 


esiimaled  by  assuming  that  the  fractionated  SijN,  core 
of  3.19  g/emJ)  contained  2 vol%  Si02  and  that  the  density  of  that  Si02  was  2.20  g/cm3 
[Sac84a],  Based  on  these  assumptions,  the  true  density  of  "pure"  SijN,  was  estimated  as 
(3.19  - 0.02-2.20)/0.98  = 3.21  g/cm3.  The  weight  fraction  of  SiOj  (fj5*)  in  the  core 

fs5N  = [l  - (0.98/3.2 1 )/ ((0.98/3.2 1 )+(0.02/2.20))  ] = 0.0289  (3.25) 

Another  impoitant  factor  given  consideration  in  the  current  data  analysis  is  the 
contribution  of  the  hydroxyl  (OH)  groups  in  the  Si02  present  in  the  composite  powder. 
Sacks  and  Tseng  [Sac84a]  carried  out  weight  loss  studies  for  TEOS-dcrived  Si02 
powders.  It  was  determined  that  the  powder  underwent  -1 1%  and  -12.5%  loss  in  weight, 
when  healed  to  temperatures  of  -450  and  ~1200°C,  respectively.  It  can  be  deduced  from 
these  values  that  the  weight  fraction  of  residual  OH  groups  in  a -450°C  heat-treated  Si02 
powder  was,  f0H  = (12.5-1 1V(100-1 1)  = 0.0168.  It  was  assumed  that  the  same  volume 
fraction  of  OH  groups  were  present  in  the  Si02  phase  in  the  composite  powders  used  in 
this  study. 

The  total  weight  (WT)  of  the  composite  powder  can  be  divided  into  four  parts:  (1) 
Wjh,  the  weight  of  the  SijN,  phase  (i.e.,  excluding  the  Si02  phase  in  the  core  powder), 
(2)  WS5N,  the  weight  of  Si02  in  the  core  powder  = (fsSN/(l-fsSN)]*W5N,  (3)  W55,  the 
weight  ofSiOj  (i.e..  excluding  the  OH  groups  in  the  coating),  and  (4)  WOH,  the  weight  of 
the  OH  groups  in  the  coating  = [Wd-Ml-w/.  Therefore  the  total  weight  is  given  by 

WT  - WSN  + [f5SN/(l-fsSN)]-WSN  + Ws5  + [W(l-foH)]-Wss  (3.26) 


Recalling  that  the  weight  of  the  leached  Si02  is  W3,  it  folio 


(3.27) 


Using  eq.  (3.27)  to  substitute  for  Wss  in  cq.  (3.23),  we  obtain 

WT  - [1+  fs^d-fs^l-Ww  + [1  + Wfl-WMWs - [fsSN'(l-fsSN>l'W5N)  (3.28) 

calculate  the  value  of  WSN.  The  value  of  Wss  was  then  obtained  by  using  this  value  in  eq. 
(3.27).  From  these  two  values,  all  the  four  terms  in  the  right  hand  side  of  the  equality  in 
eq.  (3.26)  were  computed.  The  weight  percent  of  different  components  were  calculated 
using  the  following  expressions: 

Wsn  = weight  percent  Si3N4  in  the  OH-free  composite  powder 

= WsnM00/(Wsn  + Wssn-*-Wss)  (3.29) 

ws  = weight  percent  Si02  in  the  OH-free  composite  powder 

= 100 -w^  (3.30) 

Wcok  = weight  percent  core  Si3N4  particles  in  the  OH-free  composite  powder 

- (Wjn  + Wsw)-I00/(WOT  + W5w  + W55)  (3.31) 

w„„  = weight  percent  TEOS-derived  SiO;  in  the  OH-free  composite  powder 

= Wss*100/(Wsn+Wssn  + Wss)  - 100 -w^,  (3.32) 

The  volume  percent  of  the  various  components  were  calculated  as  follows.  The 
volume  percent  of  the  core  particles  and  the  coating  (i.e.,  the  TEOS-derived  SiO.)  were 

2. IS  g/cm3,  respectively.  The  volume  percent  of  Si3N4  phase  was  calculated  from  the 
weight  percent  by  assuming  the  true  densities  of  the  Si3N4.  TEOS-derived  Si02  (the 
coating  phase),  and  the  Si02  in  Si3N4  to  be  3.21,2.15,  and  2.20  g/cm’.  respectively. 


in  this  analysis.  First,  incomple 


dissolution  of  SiO;  in  the  HF  solution  can  lead  to  a lower  measured  value  of  the  SiO; 

HF  solution  may  not  be  rigorously  correct.  Third,  the  assumed  true  density  values  may  not 
be  accurate.  Nevertheless,  each  of  these  sources  of  error  is  believed  to  be  relatively  small. 

3.2.2.  Characlciizalionnf PS  Particles 

Electrokinetic  measurements1’  were  performed  on  aqueous  suspensions  of  PS 

described  in  the  previous  section.  Differential  thermal  analysis  (DTA)  and  thermal 
gravimetric  analysis  (TGA)“  were  carried  out  at  a heating  rate  of  3°C/min  in  both  flowing 
(-60  cm'Vmin)  nitrogen  and  air  atmospheres. 


3.3.1-Scrics  1 Composite  -EmdaandMxsd.Eawdci.SusMmions 

Two  different  suspensions  were  prepared  using  (I)  a mixture  of  SiO;  and  Si;N* 
particles  and  (2)  SiO. -coated  Si;N4  particles.  In  the  fust  case,  the  starting  powders  were 
batch  I SiO,  and  Lot  I Si,N4.  The  powders  were  used  to  prepare  individual  concentrated 
(-25  vol%)  aqueous  suspensions.  The  two  suspensions  were  subjected  to  ultrasonication 
for  -2  h to  break  down  powder  agglomerates  and  pH  adjustment  (to  -9-10  using  3N 


NH4OH  i 


dispersed  suspension  containing  a -51/49  weight  ratio  of  SiO;  and  Si3N4  (this  proportion 
corresponds  to  a -60/40  volume  ratio  in  a sintered  compact  if  the  powder  densities  of  SiOj 
and  SijN,  are  assumed  to  be  2.20  and  3.19  g/cm\  respectively).  The  mixed  powder 
suspension  was  ultrasonicated  for  an  additional  lh  before  consolidation. 

The  second  type  of  suspension  was  prepared  using  Scries  I 60/40  composite 
powder.  Suspension  preparation  was  carried  out  in  the  same  manner  as  described  for  the 
individual  suspensions  m the  previous  paragraph. 


Separate  well-dispersed  aqueous  suspensions  of  both  PS  and  Series  II  60/40 
composite  powders  were  initially  prepared.  The  suspensions  were  stabilized  against 
flocculation  by  adjusting  the  pH  to  -9  (using  a 3N  NH4OH  solution)  and  ultrasonicating 
for  -2  hours  to  break  down  the  agglomerates.  Mixed  suspensions  with  an  overall  solids 
concentration  of -30  vol%  and  with  overall  Si02/Si3N4  powder  to  PS  powder  volume  ratios 
of 84/16, 86/14,  and  88/1 2 were  prepared  by  combining  a -36  vol%  SiOj/SijN,  suspension. 


a -21  vol%  PS  suspension,  and  deionized  water  in  the  ratios  of  1 : 0.33  : 0.10,  1 : 0.28  : 
0.12,  and  I : 0.23  : 0.13,  respectively.  SiOj/Si3N4  suspensions  with  a solids  concentration 
of -30  vol%  were  used  to  prepare  composite  compacts  which  did  not  contain  PS  particles. 
Suspension  rheological  flow  characteristics  (shear  stress,  T,  versus  shear  rate,  y , 


determined  by  r 


Dfo- 1000 s' and 


0 - 100  s'1,  respectively.  For  each  measurement,  the  shear  rate  was  first  increased  to  the 
maximum  value  in  2 min  (to  obtain  the  “up-curve”)  and  subsequently  reduced  to  zero  in  2 
min  (to  obtain  the  "down-curve").  The  data  from  the  two  measurements  were  merged  and 
fitted  to  smooth  curves  using  a curve-fitting  algorithm"  Viscosity  values,  t).  were 


Series  ill  powders  were  dispersed  in  water  (at  a solids  concentration  of -30  vol%) 
using  ullrasonication  for  -2  h to  break  down  agglomerates  and  pH  adjustment  (to  '9  using  a 
3N  NH4OH  solution)  to  achieve  electrostatic  stabilization.  Suspensions  (—30  vol%  solids) 
were  also  prepared  from  batch  2 and  batch  3 SiO;  powders  in  order  to  directly  compare 
densifiealion  and  creep  behavior  of  microcomposite  particle  compacts  with  SiO;  powder 
compacts.  Well-dispersed  suspensions  were  prepared  in  deionized  water  by  adjusting  the 
pH  to  -8  (for  electrostatic  stabilization)  using  a 3N  NR,OH  solution  and  ultrasonicating  for 
-2h  to  break  down  agglomerates. 

In  order  to  study  the  effect  of  phase  distribution  on  densifiealion  kinetics,  samples 
were  also  prepared  from  a mixture  of  batch  3 SiO,  and  Lot2  Si;N4  particles.  Well-dispersed 
suspensions  ('30  vol%  solids,  pH'9.0)  of  SiO,  and  Si3N4  were  prepared  separately  using 
the  same  procedure  that  was  used  for  the  preparation  of  microcomposite  particle 
suspensions.  A co-dispctsed  suspension  was  prepared  by  mixing  the  two  suspensions  such 


that  the  mixlure  had  a SiCtySijNj  ratio  of  85/15.  This  suspension  was  i 


ng  a paint 


shaker*1  for  -5  min  and  ulrrasonicaled  for  -1 5 min. 

SiOz  samples  for  dielectric  and  mechanical  property  measurements  were  prepared 
using  batch  I SiOj  powder.  In  older  to  introduce  controlled,  closed  pores  in  the  samples, 
~1  pm  dia.  spherical,  monosized  PS  particles  that  were  synthesized  by  Amini  and  Sacks 
[M.M.  Amini  and  M.D.  Sacks,  personal  communication,  1990]  were  utilized.  Separate 
well-dispersed  aqueous  suspensions  of  both  PS  and  SiOj  powders  were  initially  prepared. 
The  suspensions  were  then  stabilized  against  flocculation  by  adjusting  the  pH  to  -9  (using  a 
3N  NH4OH  solution)  and  ultrasonicating  for  -2  hours  to  break  down  the  agglomerates. 
Mixed  suspensions  with  an  overall  solids  concentration  of  -28  vo!%  and  with  overall  SiOz 
powder  to  PS  powder  volume  ratios  of  95/5  and  85/15  were  prepared  by  combining  a -35 
vol%  SiOj  suspension,  a -25  vol%  PS  suspension,  and  deionized  water  in  the  appropriate 


Slip-cast  samples  were  prepared  by  pouring  suspensions  into  molds  set  on  porous 
plaster  blocks'1.  A 0.22  pm  cellulose  filter  paper"  was  placed  between  the  molds  and  the 


Green  compacts  having  characteristics  similar  to  those  schematically  depicted  in 
Figure  2.1  were  prepared  using  suspensions  containing  (1)  a mixture  of  SiOj  and  Si3N4 
panicles  and  (2)  Si02-coated  SijN,  particles.  The  suspensions  (Section  3.3.1)  were  cast 
into  acrylic  rings  (-20  mm  in  diameter).  The  samples  were  coveted  with  a plastic  cover 
and  allowed  to  dry  under  ambient  conditions  for  -48  h.  They  were  subsequently  oven-dried 
(~80°C,  12  h).  pre-sintcred  in  a quartz  tube  furnace"  at  600°C  (heating  rate  -2°C/min)  for  2 
h in  ambient  air.  and  stored  in  a vacuum  dessicator.  The  cast  samples  were  -2-3  mm  thick 
and  weighed  -1  g,  after  pre-sintering. 

The  suspensions  described  in  Section  3.3.2  were  poured  into  teflon  rings  (-20  mm 
in  diameter)  or  rectangular  molds  (-30  mm  length  x -6  mm  width).  Samples  were  placed 
in  a controlled  humidity  chamber15  (-90%  relative  humidity)  for  -48  hours.  The  cast 

dried  at  -80°C  for  -24  hours.  The  disk  and  bar  samples  were  -2-3  mm  and  -1-5  mm 
thick,  respectively,  after  drying.  The  oven-dried  samples  were  heated  to  57S°C  in  air  to 
pyrolyze  the  PS  particles  and  then  prcsintcred  at  80(}‘'C  in  nitrogen.  The  pre-sintering 

For  Series  in  powder  samples,  teflon  molds  were  used  to  prepare  disk-shaped 

whereas  polystyrene  molds  (-25  mm  long  pieces  cut  from  polystyrene  pipets")  were  used 
to  form  rod-shaped  compacts  (-12  mm  high  and  -6  mm  in  diameter) 


i for  dilatometry  ; 


(3„)  3MrUVH3dW31 


creep  experiments.  The  compacts  were  dried  at  ~80°C  for  24  h in  air  and  subsequently  pre- 
sintered  in  nitrogen  at  800°C  (heating  rate  ~2°C/min)  for  2 h.  In  order  to  produce 
cylindrical  geometry. -the  top  surfaces  of  the  pre-sintered  rod  samples  were  ground4’  using 
600  grit  SiC  grinding  paper41. 

The  batch  1 SiOj/PS  suspensions  with  overall  SiOj  powder  to  PS  powder  volume 
ratios  of  95/5  and  85/15  were  poured  into  teflon  rings  (-20  mm  in  diameter)  to  form  2-3 

rectangular  molds  (-30  mm  length  x -6  mm  width)  to  form  bar-shaped  samples.  The 

for  the  (SiOj/Si3N4)/PS  compacts  except  that  the  furnace  atmosphere  was  flowing  (-50 
cm3/min)  air  and  that  the  final  temperature  was  700°C. 

Batch  2 SiO;  suspensions  were  used  to  form  rectangular  bars  (-25  mm  x 6 mm  x 5 
mm)  for  creep  studies.  After  drying  (at  ~80"C  in  air),  the  compacts  were  pre-sintered  in  air 
(heating  rate  -1 5°C/h)  at  700“C  for  6h.  The  rectangular  bars  were  sintered  in  air  (heating 
rate  -lO'C/min)  at  1150°C  for  24  h after  which  they  were  nearly  transparent  and  almost 
fully  dense  (i.c.,  no  residual  porosity).  It  is  noted  that  the  bars  typically  cracked  into  two 
pieces  during  sintering.  The  pieces  that  were  >10  mm  in  length  were  cut  into  -10  mm  long 
specimens  using  a precision  saw44  and  polished  plane  parallel  (<  5%  variation  in  length) 
using  aqueous  600  grit  SiC10  slurry  on  a glass  plate.  Disk-shaped  compacts  (-2-3  mm  thick 


also  slip-cast  from  the  -85 


vol%  Si02  + -15  vol%  SijN, 
mixed  powder  suspension.  The  casting,  dtying,  and  heat-treatment  procedures  were 
identical  to  those  used  for  the  Series  III  composite  powder  compacts. 

The  batch  3 SiOj  powder  suspension  was  used  to  slip-cast  disk-shaped  compacts 
(-2-3  mm  thick  and  -19  mm  diameter)  for  isothermal  densification  experiments. 


3.4.2.  Characterization  of  Green  Compacts 

Some  of  the  pre-sintcrcd  samples  were  saturated  with  deionized  water  by  placing  in 
a boiling  water  bath  for  -2  h and  the  bulk  densities  and  open  porosities  of  these  samples 
were  determined  by  the  Archimedes  displacement  method. 

Some  of  the  pre-sintered  (800°C)  compacts  were  characterized  by  mercury 
porosimetry’1  to  obtain  pore-size  information.  The  distribution  of  pore  channel  radii  was 
determined  by  applying  the  Washburn  equation  [Ree88], 

R = -2  y cosO  / P (3.34) 

where.  R is  the  pore  channel  radius  (in  m),  y is  the  mercury  surface  energy  (4.84  x 101 
J/m!),  6 is  the  contact  angle  (140°),  and  P is  the  pressure  (in  Pa).  The  total  volume 
percent  of  porosity,  VP,  was  obtained  using  the  relation 

VP=  V,  / (W/ p + V,)  • 100  (3.35) 

density  of  the  powder.  The  powder  densities  of 
been  determined  to  be  2.20  g/cmJ  [Sac84a]  and  3.1! 


Si02  (heated  to  800°C)  and  Si,N,  hav 


pycnomctry.  These  values 


densilies  for  samples  with  different  SiOj/SijN4  volume  ratios. 

3.5  Sintering 

The  Series  I powder  and  the  -60  vol%  Si02  + -40  vol%  SijN4  mixed  powder 
compacts  were  sintered  in  an  alumina  tube  furnace”  in  flowing  (—50  cm3/min)  nitrogen. 
One  compact  of  each  type  was  placed  on  an  alumina  sample  holder  and  they  were  heated 
(together)  sequentially  at  temperatures  of  1000, 1 100, 1200, 1250, 1275, 1300,  and  1400°C. 
The  heating  rale  used  was  10°C/min  and  the  samples  were  held  at  the  sintering  temperature 
for  2 h.  For  isothermal  sintering  experiments,  two  similar  compacts  were  heated  together, 
sequentially  for  different  intervals  of  time,  at  1 300°C.  For  each  heat  treatment,  the  heating 
rate  used  was  IO°C/min  and  the  total  sintering  time  after  a given  sintering  experiment  was 
determined  as  the  sum  of  the  isothermal  hold  times  used  in  all  the  experiments  conducted  to 
that  point.  Compact  densities  were  determined  by  the  Archimedes  displacement  method,  as 
described  in  Section  3.4.2. 

The  pre-sintered  Series  II  disk-shaped  compacts  (prepared  both  with  and  without  PS 
additions)  were  sintered  in  a tube  furnace”  in  flowing  (-60  cm!/min)  nitrogen  at 
temperatures  in  the  range  1000-I400°C  for  2 h.  The  pre-sintered  bar-shaped  samples  with 
and  without  the  PS-derived  pores  were  sintered  under  the  same  conditions  for  2 h at  1250 
and  I300"C,  respectively.  One  disk  sample  containing  PS-derived  pores  (prepared  with  a 
ume  ratio  of  84/16)  was  sintered  for  2 h at  1250  °C.  The  bulk 


nposite  powder/PS  volu 


density,  apparent  density,  and  open  porosity  values  were  determined  on  these  samples  using 
the  Archimedes  displacement  method  with  deionized  water  as  the  liquid  medium  (as 
described  earlier).  Some  measurements  involved  using  ethanol  or  methanol  as  the  medium. 
In  such  cases,  samples  were  saturated  for  -30  min  with  the  liquid  using  vacuum 
impregnation.  Total  porosity  was  determined  assuming  a powder  true  density  of  2.60  g/cm3 
for  the  60/40  composite  powder  (see  Section  4.3.1  for  details).  Closed  porosity  values  were 
determined  by  subtracting  the  open  porosity  from  the  total  porosity. 

The  batch  1 Si02  samples  containing  the  PS-derived  pores  were  heated  in  static  air 
in  a box  furnace”.  The  samples  prepared  with  overall  SiOj  powder  to  PS  powder  volume 
ratios  of  95/5  and  85/15  were  heated  (heating  rate  -10°C/min)  for  24  h at  1 150°C,  and  2 h 
at  1 100°C,  respectively. 

Constant-heating-rate  (CHR)  experiments  were  performed  on  pre-sintered  Series  III 
rod  samples  using  a dilatometer”  with  a vertical  alumina  push-rod  assembly  (Figure  3.8). 

The  sample  was  placed  between  two  small  (-10  mm  dia.  x -1  mm  thick  disks) 
pieces  of  dense  alumina”  and  clamped  between  the  push  rod  and  the  base  of  the  mullite 
muffle.  The  weight  of  the  push  rod  was  balanced  by  the  counterweight  such  that  there  was 
almost  no  load  applied  on  the  sample.  The  sample  and  the  push  rod  assembly  were 
enclosed  in  a mullite  muffle  which  was  isolated  from  the  graphite  furnace  (heated  by 
graphite  heating  elements).  The  mullite  muffle  and  the  furnace  were  individually  evacuated 


i -100  |im  Hg)  using  i 


for  -5  min  wiih  nitrogen  and  argon,  respectively.  This  procedure  was  carried  out  three 
times  to  insure  that  no  air  remained  in  either  region.  The  outlet  pressures  and  flow  rates  of 
the  two  gases  were  then  adjusted  to  -1  psi  and  -60  cm’/min,  respectively,  and  allowed  to 


digital  gauge 


Figure  3.8.  Configuration  for  dilatometry  experiments. 


The  temperature  of  the  sample  was  raised  to  600°C  in  IS  min  and  held  at  that 
temperature  for  10  min.  Thereafter,  one  or  more  of  three  different  heating  rates,  viz.. 
-6”Omin,  -1  l”C/min.  and  ~19"C/min  were  used  to  increase  the  temperature  ftom  -600°C 


>~I500”C.  Thet 


the  temperature  reached  1500°C.  The  axial  displacement  in  the  sample  was  measured  in 
situ  by  means  ofa  digital  displacement  gauge  that  had  a least  count  of  0.001  mm(l  pm). 

The  thermal  expansion  of  the  alumina  assembly  was  calibrated  by  reference  runs 
using  a dense  sapphire"  sample  with  similar  dimensions  (-6.5  mm  dia.  x -12.5  mm  length) 
as  the  test  samples.  Three  reference  runs  were  carried  out  for  each  heating  rate  and  the  plots 
of  axial  displacement  vs.  temperature  were  fitted  (by  the  dilatometer  software)  to  fourth 
order  polynomial  equations.  i.e.,  of  the  form  Y » ^ + B[X  + a3X2  + a?X!  + tpX4,  where  Y is 
the  expansion  and  X is  the  temperature.  Each  of  the  five  coefficients  (a„  through  ai) 
obtained  from  the  three  runs  were  averaged.  These  coefficients  were  subtracted  from  book 
value  coefficients  (i.e.,  the  standard  values  for  the  sapphire  sample)  to  obtain  the  corrected 
coefficients.  During  the  CHR  experiments,  the  displacement  of  the  test  sample  and  the 
corresponding  sintering  temperature  was  recorded  at  intervals  of  1 min.  The  system 
expansion  was  calculated  at  each  temperature  by  using  the  corrected  coefficients  in  the 
polynomial  equation.  This  value  was  then  subtracted  from  the  measured  displacement  to 
obtain  the  corrected  sample  displacement.  Measurements  were  carried  out  at  -1  l°C/min  for 
pre-sintered  Series  III  30/70,  40/60,  50/50,  and  60/40  composite  powder  compacts.  Two 
independent  samples  were  used  for  each  composition  and  the  average  data  was  obtained  by 
calculating  the  mean  of  the  individual  sample  displacement  values  at  each  temperature. 
Measurements  were  also  carried  out  at  -6  and  -19°C/min,  respectively,  for  the  60/40 
compacts.  For  these  experiments,  only  one  sample  was  used  for  each  heating  rate. 


The  density  of  the  samples  was  calculated  from  the  displacement  data  using  the 
following  procedure.  Archimedes  method  (with  deionized  water  as  the  medium)  was  used 
to  determine  the  initial  composite  bulk  density  (i.e„  green  density).  Pm , and  the  final 
composite  bulk  density  (after  cooling  to  room  temperature).  Pel . The  axial  strain  at  any 
instant  during  the  heal  treatment  is  equal  to  AL/L « where,  Lj  is  the  initial  sample  length,  and 
AL  = Lo  - L,  where  L is  the  instantaneous  sample  length  (AL  is  directly  measured  during 
dilatometry).  The  bulk  density  of  the  composite.  p„  at  any  instant  can  be  calculated 
(assuming  a right  cylinder  geometry)  using  the  equation. 


where  Ro  is  the  initial  sample  radius,  and  AR  = Rq  - R,  where  R is  the  instantaneous  sample 
radius.  It  has  been  observed  in  various  investigations  [Rah87,  Rah90,  Dut92]  that  the  axial 
and  radial  shrinkages  are  related  by  the  expression. 


AR  AL 

Ro  Lo 


(3.37) 


where  k is  a constant  for  a given  experiment.  The  value  of  k can  be  obtained  from  AR/Rq 
and  AL/Lo  values  measured  at  the  end  of  the  sintering  experiment.  Some  workers  [Rah90, 
Dut92]  have  performed  intermittent  sintering  runs  to  measure  axial  and  radial  dimensions  at 
various  stages  of  sintering.  The  values  obtained  from  these  measurements  have  been  used 
to  check  the  linearity  described  in  Eq.  (3.37)  and  calculate  the  value  of  k.  Though  the  value 
of  k for  a freely  sintering  body  (pressurelcss  sintering)  has  been  observed  to  be  almost  1, 


videnl  in  samples  sintered  under  a uniaxial 


[Dut92].  However,  the  linearity  described  in  Eq.  (3.37)  was  still  maintained. 

Table  3.7  lists  the  k values  obtained  for  the  dilatometery  samples.  The  k values  lie 
in  the  narrow  range  of 0.84  - 0.89  for  the  sintering  experiments.  Anisotropic  shrinkage  with 
k<l  is  generally  observed  for  samples  subjected  to  a compression  load  (since  the  radial 
shrinkage  is  opposed  by  the  expansion  associated  with  creep).  In  order  to  check  if  the 
anisotropy  in  the  current  study  was  due  to  the  load  exerted  by  the  push-rod  on  the  samples, 
two  60/40  samples  were  sintered  in  a tube  furnace”  and  the  k values  for  these  samples  are 
shown  in  Table  3.8. 


Table  3.7.  Calculated  k Values  for  Samples  Used  for  Dilatometry. 
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Tabic  3.8.  Calculated  k Values  for 
Tube  Furnace. 
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Table  3.8  shows  that  the  k values  for  the  "free”  sintering  experiment  were  also  <1 
and  were  comparable  to  the  values  in  Table  3.7.  Therefore  it  was  concluded  that  the  slight 
anisotropy  observed  in  the  current  investigation  was  probably  due  to  a combination  of 
viscous  deformation  under  self-weight  and  any  anisotropy  that  may  exist  in  the  green 
microstructure  (e.g..  due  to  orientation  of  the  particles  which  are  relatively  less  equiaxed, 
lower  packing  density  along  the  axial  direction  compared  to  the  radial  direction,  etc.). 

It  follows  from  eqs.  (3.36)  and  (3.37)  that  the  density  of  the  composite  is 


Some  theoretical  treatments  define  a relative  density  of  the  matrix.  pm,  as  the  ratio 
of  the  mass  of  the  matrix  phase  to  the  sum  of  the  volumes  of  the  matrix  and  pore  phases 
divided  by  the  matrix  powder  true  density.  In  other  words,  it  is  assumed  that  all  the 
porosity  is  associated  with  the  matrix  alone  and  that  the  inclusions  are  completely  dense. 
The  value  of  pm  at  any  time  can  be  expressed  as  [Rnh87a] 


(3.39) 


! f0  is  defined ! 


: fraction  of  (he  inclusion  in  the  green  compact  and  p,  is  the 


density  of  the  inclusion  phase.  The  densification  rate  of  the  matrix.  | 
analytically  differentiating  the  expression  in  eq.  (3.39)  and  can  be  wi 


From  eqs.  (3.39)  and  (3.40),  the 


i obtained  by 


(3.40) 


(3.41) 


As  the  pore  phase  reduces  during  sintering,  the  volume  fraction  of  the  inclusions,  f, 
increases.  Usually  the  volume  traction  of  the  inclusions  is  calculated  on  the  basis  of  the 
fully  dense  composite,  denoted  here  by  F.  The  instantaneous  volume  fraction  of  inclusions, 
f,  at  any  matrix  bulk  density  pm,  is  related  to  F by  the  equation  [Rah87a] 


f - P.  [P. 


(3.42) 


where  pm  is  the  powder  true  density  of  the  matrix. 

Relative  density  values  were  calculated  by  dividing  the  bulk  density  values  by  the 
appropriate  powder  true  density.  The  procedure  used  to  determine  powder  true  densities 
will  be  described  in  Section  4.3.2.  Densification  rates  were  calculated  from  the  relative 
densities  (p)  as  follows.  Since  shrinkage  data  was  collected  at  intervals  of  1 min,  the 
corresponding  relative  density  data  was  also  calculated  at  the  same  intervals  of  time.  The 
densification  rate,  ^ (min'1) , was  calculated  by  simply  taking  the  difference  between 


analytical  differentiation  was  necessary.  The  dcnsification  rate  was  converted  to  s'  units 
prior  to  activation  energy  calculations. 

The  Arrhenius  equation  for  the  densification  rate,  ^ , of  green  compacts  con  be 
expressed  as, 

^ = A f(p.G)  (3.43) 

where  tfp.G)  is  a function  of  density  p and  particle  (or  grain)  size  G,  Q is  the  activation 
energy,  R is  the  gas  constant  (8.314  J/mol-K),  T is  the  absolute  temperature,  and  A is  a 
material  parameter  that  is  independent  of  T or  p.  For  amorphous  matrices  with  a constant 
starting  particle  size,  the  term  describing  the  dependence  on  particle  size  can  be  neglected 
and  hence  eq.  (3.43)  reduces  to, 

^ = A f(p)  (3.44) 

where  Up)  is  a function  only  of  density.  Taking  logarithms  of  each  side  of  eq.  (3.41),  we 

ln(T^)  = In  A + In  (f(p))  - ^ (3.45) 

A plot  of  ln(T  vs.  ^ would  be  a straight  line  with  a slope  of  -Q/R,  provided  that 

The  following  pre-sintcred  disk  samples  were  used  for  isothermal  sintering  studies: 
SiO,  balch3  compacts,  -85  vol%  SiO?  + -15  vol%  SijNj  mixed  powder  compacts,  and 
Series  III  composite  powder  compacts.  . Experiments  were  carried  out  at  1225°C  in  a 


flowing  (-40  cm5/min)  nitrogen  atmosphere  using  a horizontal  alumina  tube  furnace". 
Prior  to  the  sintering  experiments,  the  temperature  profile  in  the  furnace  was  determined. 
The  furnace  was  heated  at  5°C/min  to  1225°C  and  equilibrated  for  I h.  Temperature 
readings  were  collected  at  different  points  in  the  furnace  using  a Type  B (Pt  -30%  Rh  / Pt  - 
6%  Rh)  thermocouple.  The  thermocouple  was  held  at  each  point  for  -3  min  before 
recording  the  temperature.  Figure  3.9  shows  the  measured  temperature  profile  in  the 
furnace  tube.  Since  one  end  of  the  furnace  was  placed  only  6 inches  from  a wall,  it  did  not 
allow  measurements  on  both  sides  of  the  center  and  therefore  the  plot  in  Figure  3.9  only 
shows  the  profile  on  one  side.  However,  the  sample  loading  and  unloading  was  done  from 
the  same  half  of  the  tube  wherein  the  temperatures  were  actually  measured.  Figure  3.9  (see 
inset  plot)  shows  that  the  temperature  across  the  tube  was  uniform  (1223  ± 2°C)  over  a 2 
inch  distance.  It  was  assumed  that  the  temperature  profiles  were  nearly  symmetrical  about 
the  center  so  that  the  temperature  was  presumed  to  be  uniform  in  a 4 inch  range  in  the 
center  of  the  tube.  The  samples  were  centered  on  the  porous  alumina  substrate  and  the 
substrate  was  placed  at  the  center  of  the  tube  during  sintering.  Since  the  samples  occupied  a 

The  “gas-inlet"  end  of  the  furnace  was  first  sealed  using  a brass  endcap  and  the 
nitrogen  gas  flow  was  set  to  -60  cmVmin  using  a flowmeter.  The  green  samples  were  then 
arranged  on  the  porous  alumina  substrate  and  the  substrate  was  placed  in  the  “gas-outlet" 
end  of  the  furnace.  This  end  was  sealed  using  another  brass  endcap  with  a vacuum  fitting01. 
A quartz  (fused  silica)  rod  was  passed  through  this  fitting  such  that  it  served  as  a pushrod 
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ated  to  1225°C  and  allowed  I 


for  loading  and  unloading  samples.  The  fitmace  was 

then  heated  to  1225°C  and  allowed  to 

equilibrate  for  -1  h.  The  substrate  was  pushed  to  th 

le  ~800°C  point  (-14  inches  from  the 

center,  see  Figure  3.9)  within  the  tube  and  allowed  I 

o soak  for  -2  min  after  which  it  was 

rapidly  (in  <10  s)  inserted  into  the  center  of  the  tube-  A digital  stopwatch  was 
accurately  record  the  sintering  time.  After  the  sintering  time  had  elapsed,  the  substr 


rapidly  removed  to  the  -800°C  point  and  after  an  addi 

itional  -1  min,  it  was  withdrawn  to  the 

cool  end  of  the  lube.  The  furnace  was  then  shut  dow 

n and  the  samples  were  removed  from 

the  furnace  tube  when  the  furnace  center  had  cooled  t< 

a below  ~300°C. 

To  study  the  microstructural  features  of  sinter 

ed  compacts  and  creep  tested  samples. 

polished  sections  were  prepared  by  the  followir 

ig  procedure.  Small  representative 

specimens  were  obtained  by  cutting  the  samples  w 

ith  a precision  saw62.  These  samples 

were  then  glued  with  a commercial  adhesive"  to  the 

bottom  (the  side  to  be  polished  facing 

down)  of  20  ml  glass  vials-  that  were  -20  mm 

in  diameter.  A mixture  of  methyl 

methacrvlaic  (MMA)  monomer  and  methyl  propioi 

nitrate  (initiator)  was  prepared  in  the 

ratio  of  5 ml  monomer  to  9 mg  of  initiator.  The  m 

ixturc  was  stirred  for  5 min  to  ensure 

, This  mixture  (3  ml)  was  poured  into 

the  vials.  The  vials  were  sealed  with  a plastic  cap  lir 

ted  with  aluminum  foil  and  placed  in  a 

convection  oven  at  65°C.  After  -6  h.  the  monoi 

mcr  was  completely  polymerized  (to 

PMMA)  resulting  in  solid  hard  mounts.  The  vials  w 

ere  removed  from  the  oven  and  -5  ml 

M lutnet.  Buchkf  Ltd.,  Lake  BlulT.  IL 

of  Quickmount6’ : 


vial.  The  Quic 


-1  h at  room  temperature  after  which  the  vials  were  broken  to  release  the  sample  mounts.  It 
is  noted  that  PMMA  infiltration  was  used  to  allow  polishing  of  porous  samples.  For  highly 
dense  samples  (i.e.,  with  relative  density  >95%),  the  specimens  were  directly  mounted 
using  '8  ml  Quickmount  solution  (i.e.,  PMMA  was  not  used). 

The  mounted  samples  were  ground  with  SiC  powder  slurries  on  glass  plates.  The 
following  grit  sizes  of  powders  were  used  in  succession:  120,  1 80, 240, 320,  400,  600,  and 
1000.  After  fine  grinding,  samples  were  polished  using  an  automatic  polisher  containing  an 
iron  oxide  / silica  suspension*  on  a polishing  grade  cloth6’.  The  polishing  step  was 
typically  carried  out  for  1-3  days.  After  polishing,  the  samples  were  cleaned  in  an 
ultrasonic  cleaner  with  deionized  water.  Some  of  the  polished  samples  were  etched  by 
dipping  into  a fleshly  prepared  0.5%  HF  solution  for  2-3  min.  (It  was  very  important  to 
cany  out  the  etching  prior  to  PMMA  removal  since  the  silica  surrounding  the  pore  regions 
tended  to  be  over-etched  if  the  pores  were  not  infiltrated  by  PMMA.)  The  mounts  were 
then  placed  in  an  oven  at  200°C  for  30  min  to  soften  the  mounts.  Samples  were  removed 

slowly  (~5°C/min)  healed  to  600°C  for  6 h in  a box  furnace6'  to  remove  the  PMMA. 


lin  gold-palladiu 


micrographs  (scanned  over  the 


: taken  for  each  sample.  Negatives 


of  each  micrograph  were  used  to  obtain  enlarged  (8.5  in.  * 1 1 in.)  prints  for  better  accuracy 
during  microstructure  characterization. 

Standard  techniques  [Deh68]  of  quantitative  microscopy  were  used  to  obtain 
quantitative  values  of  volume  fiaclion  of  phases  (i.e,  porosity.  SiOj.  and  SijNi)  and  average 
SijNj  intercept  sizes  on  selected  sintered  samples.  A transparent  plastic  sheet  with  a 10  x 
10  square  grid  (100  intersecting  points)  was  overlaid  on  the  enlarged  prints.  Points 

measured.  The  average  point  fraction  equals  the  volume  fraction  of  the  corresponding 
phase  in  the  sintered  sample. 

A transparent  plastic  sheet  with  equally  spaced  parallel  lines  was  overlaid  on  the 
enlarged  prints.  The  length  of  every  SijN,  particle  intercept  was  measured  using  a 
digitizing  tablet  interfaced  with  a personal  computer70.  Average  SiiNa  particle  intercept 


3,7.1,  Dielectric  Properti.es 


carried  out  on  sintered  samples  described  in  Section  3.5.2  (0.8  - 1.5  mm  thick).  Table  3.9 


lists  the  results  from  Archimedes  density  measurements  (using  deionized  water  as  the 
medium)  for  these  samples.  The  "dense"  and  "porous"  SiOj  samples  correspond  to  those 
prepared  with  overall  Si03  (batch  1)  powder  to  PS  powder  volume  ratios  of  95/5  and  85/15, 
respectively  (sintered  at  1150°C  and  I100°C.  respectively).  The  "dense”  and  "porous" 
60/40  samples  cotrespond  to  compacts  prepared  with  overall  60/40  SiOj/SijN,  (Series  II) 
powder  to  PS  powder  volume  ratios  of  100/0  and  84/16,  respectively  (sintered  at  1 300°C 
and  1250°C,  respectively). 


Table  3.9.  Archimedes  Density  Results  for  Samples  Used  in  Dielectric  Measurements. 


Dense  SiO,  #1 
Porous  SiO,  SI 
Dense  60/40  #1 

n 

Porous  60/40  SI 


Pm 

(g/cm3) 


2.194 


2.601 

2,600 

2.360 

2.352 


2.603 

2.369 

2.366 


Relative  Closed 

Density  (%)  Porosity  (%) 
993  02 

99.7  0.1 

91.3  83 

91.4  8.4 

100.0  0.0 

100.0  0.0 

90.4  9.2 

90.1  9.3 


Samples  were  mounted  on  to  a lapping  fixture  [Ran93]  and  polished  plane  parallel 
through  1000  grit.  Prior  to  the  measurements,  samples  were  washed  with  acetone  in  an 


: alkali  impurities’'  and ' 


100°C  for  - 24 


desiccator.  The  mean  thickness  of  each  sample  was  obtained  by  averaging  10  micrometer 


Dielectric  measurements  were  carried  out  using  a dielectric  test  fixture”  (adapted 


contacting  electrode  method  [Hpp89|  was  used  to  measure  the  capacitance  and  loss 
tangents  of  the  samples.  The  schematic  electrode  structure  for  this  method  is  given  in 


Figure  3.10. 


Capacitance  = Capacitance  = C(| 


The  relative  dielectric  constant  (e,)  and  the  loss  tangent  (D  - tan  5)  values  for  the  test 
sample  were  obtained  from  the  following  equations  [Hpp89] 

c,  - (1  - (1  - Crt/C^CUUr1  (3.46) 

and  D - Dj  + feXDj-D.XV.  ' 1)  (3.47) 

Cfl  — Series  capacitance  when  the  sample  is  not  inserted  (F) 


D|  = dissipation  factor  when  the  sample  is  not  inserted 
t,  = average  sample  thickness  (m) 

C,;  = Series  capacitance  when  the  sample  is  inserted  (F) 

D2  = dissipation  factor  when  the  sample  is  inserted 
t,  = gap  between  the  electrodes  * 1 0%  of  t,  (m) 

Relative  dielectric  constant  values  were  determined  at  five  frequencies-  1.1  kHz,  10kHz, 
100kHz,  1MHz.  and  10MHz.  Loss  tangents  (tan  6)  values  were  collected  at  1 MHz. 
(The  values  at  other  frequencies  were  found  to  be  negative,  i.c„  out  of  the  measurement 
range  for  the  instrument). 


dimensions  of  ~25  mm  x -5  mm  x -2  mm.  Table  3.10  lists  the  results  from  Archimedes 
density  measurements  (using  deionized  water  as  the  medium)  for  selected  samples  of  each 
composition  used  for  strength  evaluation.  The  "dense"  SiO;  samples  correspond  to  those 
prepared  with  overall  SiO,  (batch  I)  powder  to  PS  powder  volume  ratio  of  95/5  (sintered 
for  24  h at  1 150°C).  The  "dense"  and  "porous"  60/40  samples  correspond  to  compacts 
prepared  with  overall  60/40  SiCtySijN,  (Series  II)  powder  to  PS  powder  volume  ratios  of 
100/0  and  88/12,  respectively  (sintered  at  1300°C  and  I250°C,  respectively). 

The  faces  of  the  bend  test  specimens  were  first  ground  with  SiC  powder”  slurries  on 
glass  plates.  The  following  grit  sizes  of  powders  were  used  in  succession.  240,  320, 400, 
600,  and  1000.  Minimal  pressures  were  applied  on  the  samples  in  order  to  minimize  any 


damages/stresses  introduced  during  the  grinding  steps.  After  fine  grinding,  the  faces  were 
polished  using  aqueous  -0.3  pm  •/-alumina  slurry”  and  the  tensile  edges  were  beveled  to 
eliminate  stress  concentrations  and  any  large  edge  defects  arising  from  the  grinding  steps. 


Table  3.10.  Archimedes  Density  Results  for  Samples  Used  in  Strength  Measurements. 


Sample 

Pbulk 

(g/cm3) 

Porosity  (%) 

(g/cmJ) 

Relative  Closed 

Density  (%)  Porosity  (%) 

Dense  SiO,  #1 

2.198 

0.1 

2.200 

99.9  0.0 

#2 

2.196 

0.1 

2.198 

99.8  0.1 

Dense  60/40  SI 

2.600 

0.1 

2.603 

100.0  0.0 

42 

2.602 

0.0 

2.602 

100.0  0.0 

Porous  60/40  #1 

2.380 

0.1 

2.382 

91.5  8.4 

#2 

2.377 

0.2 

2.382 

91.4  8.4 

Flexural  strength  values  were  determined  by  performing  four-point  bend  tests  using 
a materials  testing  apparatus”.  The  specimens  were  loaded  by  two  bearings  which  were 
located  5 mm  away  from  the  outer  two  support  bearings  which  were  20  mm  apart  (Figure 
3.11).  A cross-head  speed  of  0.5  mm/min  was  used  and  the  load-displacement  data  was 
recorded  at  intervals  of  0.5  s.  In  order  to  prevent  surface  damage  due  to  gauging,  dimension 
measurements  were  carried  out  after  the  failure  of  the  specimens.  The  formula  [Mi!83] 
used  for  the  calculation  of  the  flexural  strength,  a,  (in  MPa)  was: 

o,=  3P,*L/4wt2  (3.48) 

where  P,  = fracture  load  (N) 

L = outer  span  = 20  mm 
w = specimen  width  (mm) 


Figure  3.1 1.  The  four-point  bend  test  I 


under  a load  of  500  g for  20  seconds.  Samples  were  polished  using  an  aqueous  -0.3  pm  y- 
aiumina  slurry  and  cleaned  with  ethanol  before  the  measurements.  Fracture  toughness 
values  were  determined  using  the  method  developed  by  Anstis  et  al.  [Ans81],  The 
equation  used  to  relate  the  elastic  modulus,  hardness,  indentation  load  and  crack  length  to 
fracture  toughness,  Kk  ( in  MPa  • mIfl)  is : 


Kfc  = q/(BH)'a(P/c0M)  (3.49) 

where  \p  = constant  = 0.01 671 

E = Young's  modulus  (GPa) 

H = Vicker’s  Hardness  (GPa) 

P = indentation  load  = 4.905  x lO^MN 


The  crack  generated  by  the  indentations  were  sufficiently  long  (-2  times  the 
indent  size)  for  the  validity  of  this  equation  [Ans81).  It  is  noted  that  eq.  (3.49)  implicitly 
predicts  that  the  indentation  fracture  parameter,  P/c^  is  independent  of  the  indentation 
load.  Although  this  was  not  directly  confirmed  in  the  current  study,  it  has  been 
established  by  Anstis  cl  at.  [Ans81]  that  within  experimental  error,  P/c„'w  was  invariant 
with  respect  to  load  for  various  glasses,  glass-ceramics,  and  crystalline  ceramic  materials. 

The  E/H  ratio  in  Eq.  3.49  was  determined  from  Knoop  indentation  measurements 
(indentor  geometry  schematically  illustrated  in  Figure  3.12)  using  the  relation  [Mar82]: 
bVa'  = b/a  - a (H/E)  (3.50) 

a , b - diagonal  indentor  dimensions 
b/a  = 1 / 7.1 1 from  indentor  geometry 


Figure  3.12.  Sc 


■ Knoop  indentor  geometry. 


Some  of  the  tested  specimens  were  etched  with  dilute  (-2  wt%)  hydrofluoric  acid 
solution  for  10  - 30s  to  observe  the  crack  paths  using  SEM. 


Compression  creep  experiments  were  performed  on  sintered  rod 


sintering,  the  top  surface  of  the  pre-sintered  (800°C)  composite  powd 


ground  flat  by  gently  grinding  on  a 600  grit  SiC  polishing  paper"'.  He 


er,  the  85/15  pre- 


sintered samples  tended  to  crack  during  the  grinding  due  to  inadequate  green  strength. 
Therefore,  such  samples  were  heated  further  to  1 150°C  for  2 h to  provide  the  additional 
handling  strength  necessary  for  the  machining  operation.  The  60/40  and  85/15  samples 
were  then  sintered  to  1300°C  for  2 h.  The  30/70. 40/60.  and  50/50  samples  were  sintered  to 


1400°C  for  2 h.  As  described  in  Section  3.4,  the  SiO,  co 

mpacts  were  sintered  in  static  air  at 

1 175°C  for  24  h.  Table  3.1 1 summarizes  the  thermal  h 
the  creep  experiments. 

istories  of  all  foe  samples  used  for 

Table  3. 1 1 . Thermal  Histories  of  Samples  Used  for  Compression  Creep  Experiment? 


Sample  Powder  Heat  treatment(s)*  prior  to 

Sintering  Schedule’ 

— SioJ  Balch2  l5“C/h-700"C-6  h-static  air 

10“C/min-l  150"C-24  h-static  air 

30/70  Series  III  2°C/min-800"C-2  h-nitrogen 

10“C/min-1400°C-2  h-nitrogen 

40/60  Series  III  2°C/min-800°C-2  h-nitrogen 

1 0°C/min- 1 400°C-2  h-nitrogen 

50/50  Series  III  2<>C/min-800oC-2  h-nitrogen 

10°C/min-l400”C-2  h-nitrogen 

60/40  Series  III  2°C/min-800“C-2  h-nitrogen 

l0°C/min-1300°C-2  h-nitrogen 

85/15  Series  II  2“C/min-750°C-2  h-nitrogen  + 
1 0°C/min- 1 1 50°C-2  h-nitrogen 

10°C/min-1300°C-2  h-nitrogen 

• «— 

Creep  behavior  was  determined  by  performing  i 

ronstant  load  compression  tests  on 

sintered  samples  using  an  MTS  testing  apparatus80.  Steady-state  creep  rates,  e,  were 


determined  as  functions  of  stress,  a,  in  the  range  of  10  - 300  MPa  by  successively 

range  of  950-1325”C.  in  argon  atmospheres.  Stress  exponents,  n,  and  the  activation 
energies,  Q,  were  determined  from  the  data  using  the  phcneomenological  relationship 
[Fer92]: 


where  G is  the  shear  modulus,  R is  the  gas  constant,  T is  the  absolute  temperature,  and  A is 


The  compression  creep  test  configuration  is  shown  in  Figure  3.13.  The  sample  was 
placed  between  two  small  square  (-5  mm  X 5 mm)  pieces  of  grafoil"  and  clamped  between 
two  SiC  platens  such  that  the  initial  load  was  5-10  lbs.  The  furnace  chamber  was  evacuated 
(to  -100  microns  vacuum)  and  backfilled  with  argon.  This  was  carried  out  three  times  in 
order  to  remove  any  residual  air  in  the  chamber.  The  furnace  was  then  healed  to  the  test 
temperature  at  a rate  of  -20°C/min  and  allowed  to  equilibrate  for  -30  min.  It  is  noted  that 

during  the  heating  and  equilibration  steps.  Experiments  were  carried  out  under  different 
compressive  stresses  by  successively  increasing  the  load  on  the  sample  at  5 lb's  and 
maintaining  the  load  until  steady  state  (explained  later  in  the  section)  is  attained.  The  axial 
displacement  was  recorded  as  a (unction  of  time  at  intervals  of  30  or  60  s. 


(3.51) 


expressed  as  [Tim70]: 

s-P/A. 
c = AL/L„ 

where  P = compressive  load 

A0  = initial  cross-sectional  area  of  the  specimen 
= n D„!  / 4,  for  rod-shaped  samples  where, 

D0  is  the  initial  diameter  of  the  specimen 
or,  = w0  • tj, , for  bar-shaped  sample  where, 

w0  and  t„  are  the  width  and  thickness,  respectively 
Lp  - initial  length  of  the  specimen 
AL  = axial  displacement 
Assuming  that  the  sample  is  incompressible*1  (i.c„  there  is  no  volume  change 
during  creep),  the  true  compressive  stress  (o)  and  the  true  compressive  strain  (c)  can  be 
calculated  using  the  following  relations  [TimTO]: 


(3.52) 

(3.53) 


gradually  and  this 


TIME  (minutes) 

Figurc3. 14.  Plot  of  axial  displacement  vs.  time  for  a 50/50  SiOj/SijN4  sample  tested 
at  1250°C. 
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Figure  3. 15.  Plol  of  true  strain  vs.  time  for  a -50/50  SiOj/Si3N4  sample  tested  at 
1250°C.  The  open  circles  depict  the  raw  data  whereas  the  solid  lines 
represent  the  linear  curve  fit  values. 


nol  expected  to  reach  a constant  value  at  a given  load.  However,  as  shown  in  Table  3.12, 
the  standard  deviation  in  the  stress  values  are  <1%  in  the  range  of  loads  used  in  this 
study.  Therefore  it  may  be  reasonable  to  fit  linear  curves  to  the  strain  vs.  time  data  in 
order  to  determine  the  strain  rates. 

Table  3.12.  Strain  Rate  and  Stress  Data  for  a 50/50  Sample  Creep-Tested  at  1250°C. 


Strain  Rate  (s' 


Stress  (MPa) 


2.55  x 10‘! 


1.34  x 10" 


1.66  x Iff1 


18.7  ±0.0 

42.4  ±0.1 

80.7  ±0.1 

153.4  ±0.6 
219.9±  1.5 


CHAPTER  4 

RESULTS  AND  DISCUSSION 


Series  I composite  powders  will  be  presented  in  this  section-  The  results  from  the 
characterization  of  fractionated  Loti  SijNj,  batch  1 SiCfe.  and  Series  I composite  powders 
will  be  discussed  in  Section  4.1.1.  In  Section  4.1.2,  the  results  from  sintering 
experiments  conducted  to  study  the  effect  of  spatial  distribution  of  phases  on  the 


4.1.1.  Characterization  of  Panicles 

Figures  4.1(A)  and  4.1(B)  show  SEM  micrographs  of  the  fractionated  SijN.  and 
60/40  composite  powders,  respectively.  Figures  4.2  (A)-(D)  show  bright  field  TEM  images 
of  a Loti  SijNi  core  particle  and  microcomposite  particles  from  Series  I powders  with 
overall  compositions  of 40/60, 60/40,  and  85/1 5,  respectively. 

At  high  concentrations  (typically  > 80  vol%)  of  SiOr  in  the  composite  powder,  SiOj 


illustrated  by  SEM 


(Figure  4.3A)  i 


85/15  comp 


: 4. 1 . SEM  micrographs  of  (A)  Loti  SijNj  powder  and  (B)  60/40  com 


SEM  of  85/15  powder  showing  free  SiO;  particles,  and  (B)  bright-ficld  TEM  image 
showing  coated  agglomerates  in  30/70  powder. 


powder  sample".  The  SiOj  particles 
therefore,  are  easily  distinguished  from 
(Figure  4.3A).  It  must  be  noted,  howi 


monosized  spherical  morphology  and, 
lively  irregular  microcomposite  particles 
ch  SiOr  particles  were  not  consistently 
nucleation  events  are  not  known.  Some 


sensitivity  to  the  source,  exposure  to  the  atmosphere,  and  aging  of  the  TEOS  has  been 
observed.  However,  these  factors  were  not  investigated  in  any  detail.  Azumaetal.[Azu91] 
have  also  reported  the  formation  of  discrete  SiO;  particles  during  the  synthesis  of  SiOr 
coated  FejOj  composite  powders  using  a technique  similar  to  that  described  in  this  study. 
As  reported  in  the  current  investigation,  Azuma  et  al.  [Azu91]  observed  SiO;  particles  when 
the  concentration  of  the  TEOS  was  high  relative  to  the  concentration  of  the  seed  (FejOj) 


During  the  synthesis  of  composite  powders  containing  low  concentrations  (<40 
vol%)  of  Si02,  some  (typically  one  out  of  every  —100  particles)  large  composite  panicles 
(typically  -0. 3-1.0  pm  diameter),  each  containing  two  or  more  core  particles,  have  been 
observed  in  the  TEM  (e.g..  Figure  4.3  B).  It  is  not  known  if  these  are  formed  by  (a)  coating 
of  "hard"  or  "soft"  agglomerates  composed  of  the  core  particles,  and/or  (b)  agglomeration 
of  individual  coated  particles. 

Figure  4.4  shows  a bright  Held  image  of  a 40/60  microcomposite  particle  observed 
under  the  high-resolution  transmission  electron  microscope  (HRTEM).  The  lattice  ftinges 
on  the  left  side  of  the  image  correspond  to  the  crystalline  SijN!  core  particle  and  the  absence 
anes  in  the  SiO;  phase  confirms  its  amorphous  nature.  The  amorphous  nature 


of  crystal  pla 


Figure  4.4.  High-resolution  trasmission  electron  micrograph  of  a 40/60  panicle.  The 
lattice  fringes  on  the  left  side  depicts  SijN«  while  the  phase  on  the  right  side  is  amorphous 
SiOj. 


amorphous  peak  at  centered  at  20=22"  is  characteristic  of  amorphous  S1O2. 


of  the  coaling  was  also  confirmed  using  X-ray  powder  diffraction  (XRD)  analysis.  Figure 
4.5  shows  the  XRD  patterns  of  the  fractionated  SijN«  and  80/20  composite  powders.  The 
crystalline  peaks  in  the  XRD  pancm  of  the  80/20  powder  correspond  to  <x-Si]N<  [JCP-pnt] 
and  the  broad  peak  centered  at  20  « 22°  is  characteristic  of  amorphous  SiO^. 

The  bright  field  TEM  analysis  provided  some  evidence  for  the  complete  coverage  of 
the  core  particle  surface  with  the  SiOj  coating,  i.e.,  no  "bare”  (uncoatcd)  SijN,  particles 
were  observed.  However,  the  TEM  analysis  involved  a relatively  small  sampling  (-100- 
200  particles)  of  the  powder  sample.  Therefore  techniques  that  assess  a greater  number  of 
particles  were  necessary  to  study  the  surface  coverage  of  the  SiO;  coating.  Figures  4.6  and 

4.7  show  the  XPS  plots  for  the  Loll  SijN;  and  Scries  1 60/40  composite  powders.  Figure 

4.8  shows  a combination  plot  for  the  the  two  powders,  at  binding  energies  in  the  range  of 
300  - 600eV.  It  is  dear  from  Figure  4.8  that  both  oxygen  and  nitrogen  are  evident  on  the 
SijN.  surface  whereas  only  oxygen  is  present  on  the  composite  powder  surface.  In  addition 
to  these  elements,  adventitious  carbon  was  observed  in  both  samples  (peaks  are  shown  in 
Figures  4.6  and  4.7),  (It  is  noted  that  the  secondary  peaks  adjacent  to  the  main  element 
peaks  are  satellite  peaks  which  are  characteristic  of  the  XPS  technique  |Bar93].)  The  origin 
of  the  oxygen  on  the  SijNi  may  be  explained  by  (a)  partial  oxidation  of  the  surface",  and 
(b)  presence  of  surface  hydroxyl  groups  arising  ban  the  fractionation  process.  The  nbscnce 
of  any  nitrogen  on  the  microcompositc  powder  surface  suggests  that  there  is  complete 
coverage  of  the  core  particles  by  the  SiO,  coating 
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Figure  4.8.  XPS  plots  for  Si,N4  and  60/40  composite  powders  for  binding  energies 
in  the  range  of  300-  600  eV. 
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0.01 

0.07 


average  (mV) 

0.15±0.09  2.3 


5.4 
7 2 


-1.40  -1.53 
-3.04  -3.93 
4.92  4.63 


-2.42  -1.83±0.40  -27.9 
-3.46  -3.53iO.33  -61.7 
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Table  4.2.  Electrophoretic  N 


i • (p)  and  Zela  Potential  (C)  Data  for  Loti  Si;N4  Pow 


3.3710.39  56.5 


1.56  0.981O.55  14.8 
-1.50  -0.74i0.5l  -11.2 
-1.70  -1.96i0.69  -29.6 


Table  4.3.  Electrophoretic  Mobility*  (p)  and  Zeta  Potential  (Q  Data  for  Series  1 60/40 
Composite  Powder. 


pH T! B1 T2 H3  average  (mV) 

2.0  -0.14  0.30  0.45  -0.23  O.IO!0.29  1.5 

3.9  -0.54  -0.64  -0.74  -1.03  -0.74±0.18  -11.0 

5.9  -2.96  -2.74  -2.81  -3.22  -2.93±0.I8  -51.4 

7.8  -4.73  -4.06  -4.07  -4.42  -4.32t0.28  -77.0 

9.9  -4.81  -5.55  -4.45  -6.10  -5.23±0.64  -105.3 

Tables  4.1  - 4.3  list  the  measured  mobilities  and  the  calculated  zeta  potentials  for 
batch  1 Si02.  Loti  Si2N2,  and  Series  1 60/40  composite  powders,  respectively.  Figure  4.9 
shows  the  zeta  potential  vs.  pH  plots  for  these  powders.  It  is  evident  from  Figure  4.9  that 
the  Si02  and  SiOj/SiiN*  composite  powders  exhibit  essentially  the  same  dependence  of  zeta 
potential  on  the  suspension  pH.  The  isoelectric  point  of  the  pure  SijNi  is,  however,  higher 
(i.e,  the  zeta  potential  curve  is  shifted  to  higher  pH  values).  As  mentioned  in  Section  2.4, 
the  similarities  in  the  zeta  polential-pH  dependence  between  the  coating-phase  particles  and 
the  corresponding  coated  particles  have  also  been  demonstrated  for  other  composite 
powders  such  as  SiOrcoated  AI,Oj  [Agr90,  Che94],  Y2Oj  [Gie94],  SiC  [Che94]  and  FejOj 
[Azu91],  and  Ti02-[Par93)  and  Y-doped  ZrCfc-  [Hir91]  coated  Si02. 

fractionated  Si2Ns,  60/40,  and  80/20  composite  powders.  It  is  evident  form  Figure  4.10  that 
the  distribution  shifts  to  higher  particle  sizes  as  the  amount  of  Si02  coated  on  the  SilNj 
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Si,N4.  and  Scries  I 60/40  composi'i 


panicles  contain  larger  amounts  of  of  SiOj  compared  to  the  larger  panicles.  Consequently, 
the  true  densities  of  the  former  panicles  are  lower,  and  those  of  the  latter  panicles  are 
higher,  than  the  overall  powder  density.  Since  the  overall  powder  density  is  utilized  in  the 
panicle  size  calculations,  these  density  differences  will  result  in  errors  in  the  calculated  size 
distributions.  According  to  the  Stokes  equation  |Rce88)  for  sedimentation,  for  a given 
panicle-liquid  system,  the  predicted  particle  diameter  is  inversely  proportional  to  the  square 
root  of  the  powder  true  density.  Since  the  true  densities  of  the  smaller  microcomposite 

predicted.  Similarly,  the  larger  microcomposite  panicles  have  densities  higher  than  the 
assumed  value  and  therefore  larger  sizes  will  be  predicted  for  these  particles.  Therefore,  it 
follows  that  broader  size  distributions  will  be  predicted  if  the  overall  density  is  used  in  the 
particle  size  analysis.  Detailed  quantitative  microscopy  (TEM)  may  be  necessary  to 
accurately  determine  the  panicle  size  distribution  of  the  microcomposite  particles. 
Nevertheless,  the  data  in  Figure  4.10  is  valid  for  qualitatively  illustrating  the  shift  to  higher 
panicle  sizes  that  is  associated  with  the  precipitation  of  the  coatings  of  varying  average 
thickness. 

Table  4.4  shows  the  measured  BET  specific  surface  areas  of  as-received  and 
fractionated  SijNj,  60/40,  and  80/20  powders.  It  also  shows  the  calculated  surface  areas 
derived  from  the  panicle  size  distributions  (Figure  4.10)  assuming  spherical  geometry  for 
the  panicles.  The  calculated  specific  surface  area  S„  (in  m!/g)  was  determined  by  an 
algorithm”  using  the  following  equation: 


iNaoasd  awmoA 


S.  = (6/p).I(F,/D,) 


(4.1) 


where,  p is  the  density  in  g/c mJ,  i is  an  interval  in  the  distribution.  F,  is  the  volume  fraction 
of  particles  with  diameter  D,  (in  pm)  and  £ is  the  summation  over  i.  The  powder  true 


Table  4.4.  Specific  Surface  Areas  of  Core  and  Composite  Powders. 

Measured  Specific  Surface  Area*  Calculated  Specific  Surface  Area 

(m;'E) (mVg) 

SijN4  as-received  10.7(10.6.10.8)  4.9 

SijN«  fractionated  14.9(14.8.16.0)  8,5 

60/40  15.3  (ISA  15.4)  9.4 

80/20  8.0  7.5 


The  fractionated  SijN4  powder  exhibits  a higher  specific  surface  area  than  the  as- 
received  powder.  This  is  expected  since  the  relatively  coarse  aggregates  are  removed  by 
fiacuonatton  wntch  results  in  a reduction  in  the  average  particle  size.  When  a SiO;  coating 
is  deposited  on  the  core  particle  surface,  two  consequent  factors  affect  the  surface  area:  (1) 
the  reduction  in  solid  density,  and  (2)  the  increase  in  the  average  particle  size.  While  the 
former  factor  leads  to  an  increase  in  the  specific  surface  area,  the  latter  causes  a reduction  in 
the  surface  area  value.  The  calculated  values  of  Ihe  surface  area  show  that  for  the  60/40 
powder,  the  reduction  in  solid  density  is  the  dominant  factor,  which  results  in  an  increase 
(from  8.5  to  9,4  m2/g)  in  specific  surface  area.  In  contrast,  the  increase  in  particle  size  is  the 
controlling  factor  for  the  80/20  powder  which  results  in  an  overall  reduction  (from  8.5  to 
7.5  m!/g)  in  the  specific  surface  area. 


Tabic  4.4  shows  lhat  for  all  powders,  the  measured  values  are  greater  than  the 
calculated  values  of  the  specific  surface  area.  The  reasons  for  this  difference  may  include 
porosity  (in  the  aggregates,  for  the  SijNi  powders,  and  in  the  coating,  for  the  composite 
powders),  errors  in  particle  size  and  surface  area  measurements,  errors  in  assumed  density 
values,  surface  roughness,  and  non-spherical  geometry.  It  is  evident  form  Table  4.4  that  for 
the  SijNr  powders,  lesser  difference  between  the  measured  and  calculated  values  is 
observed  for  the  fractionated  powder  compared  to  the  as-received  powder  (differences  of 
-43%  vs.  -55%,  respectively,  for  the  two  powders).  This  may  be  attributed  to  the  fact  that 
the  fractionated  powder  contains  a relatively  lower  amount  of  aggregates.  [>ue  to  the 
presence  of  aggregates,  the  measured  particle  size  is  larger  than  the  primary  particle  size. 
Since  the  measured  surface  area  is  mostly  determined  by  the  primary  particle  size,  it  would 
be  higher  than  the  calculated  value  which  was  determined  using  the  measured  particle  size. 
Therefore  the  presence  of  a higher  amount  of  aggregates  results  in  a greater  difference 
between  the  measured  and  calculated  surface  areas.  As  shown  later  in  Section  4.3.1,  the 
presence  of  porosity  in  the  coatings  results  in  significantly  higher  surface  areas  (>20  m!/g) 
compared  to  those  reported  in  Table  4.4.  This  suggests  that  the  coatings  on  the  composite 
particles  described  in  this  section  were  dense  (i.e.,  there  was  no  significant  amount  of 
surface  porosity).  As  discussed  earlier,  the  differences  in  densities  between  individual 

calculated  surface  area  values.  The  non-spherical  shape  of  the  particles  is  also  a major 
factor  leading  to  the  differences  between  measured  and  calculated  specific  surface  areas.  As 


thicker  coatings  ■ 


ally  more  spheroidal 


they  would  1 


surface  areas)  than  the  conesponding  core  panicles.  The  data  in  Table  4.4  is  consistent  with 
this  observation  since  the  difference  in  the  measured  and  calculated  surface  areas  is 
significantly  lower  for  the  80/20  composite  powders  compared  to  the  SijNs  powders, 

4,1,2.  Effect  of  Spatial  Distribution  of  Phases 

In  order  to  study  the  effect  of  spatial  distribution  of  phases  on  densiftcalion 
behavior,  -60  vol%  SiO;/  -40  vol%  SijNj  powder  compacts  prepared  with  the  SiOj/SijNr 

densities  of  the  two  types  of  compacts  since  these  factors  also  affect  sintering  kinetics.  The 
microcompositc  particles  were  slightly  larger  (median  Stokes'  diameter"  and  specific 
surface  area  of  -0.35  pm  and  -1 5 m2/g,  respectively,  vs.  values  of -0.25  pm  and  -19  m2/g, 
respectively,  for  the  panicle  mixture)  as  shown  by  the  particle  size  distribution  plots  (Figure 
4.1 1).  While  this  would  tend  to  retard  densiftcation  slightly,  the  effect  may  have  been 
compensated  for  (at  least  partially)  by  the  slightly  higher  measured  packing  density  (as 
determined  by  the  Archimedes  method)  for  compacts  prepared  with  the  microcomposite 
particles  (-61%  vs.  -57%,  as  shown  in  Tables  4.5  and  4.6). 

Densification  was  directly  compared  for  the  -60  vol%  SiCV  -40  vol%  SijN, 
composite  powder  compacts  and  mixed  powder  compacts  by  heating  to  different 
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> Si,N4  mixed  powder  and  60/40  SiOj/Si, 


temperatures.  The  i 


results  from  Archimedes  density  measurements  for  these  two  types  of 
compacts  are  shown  in  Tables  4.5  and  4.6.  respectively.  Figure  4.12  shows  plots  of  bulk 
density  and  open  porosity  vs.  sintering  temperature  for  the  two  types  of  powder  compacts. 
Figure  4.13  shows  plots  of  relative  density  vs.  temperature  for  the  two  compacts.  The 
compact  prepared  with  the  microcompositc  particles  starts  to  show  an  increase  in  bulk 
density  and  a decrease  in  open  porosity  by  1000“C,  while  the  compact  prepared  with  the 
particle  mixture  shows  essentially  no  change  until  the  temperature  exceeds  1200nC.  The 
foimer  sample  reached  a maximum  bulk  density  of  -2.51  g/cro3  (-97%  relative  density)  by 
!275°C  and  the  open  porosity  approached  zero  at  this  temperature.  In  contrast,  the  bulk 
density  of  the  particle  mixture  compact  was  only  -1.90  g/cm3  (-73%  relative  density)  and 
the  open  porosity  was  -26%  at  I275°C.  Figure  4.13  also  indicates  that  the  composite 
powder  compact  reached  a maximum  relative  density  of  -97%  at  1275°C  but  the  density 
reduced  to  -94%  when  the  same  compact  was  heated  further  to  1400°C.  This  may  be 
attributed  to  the  presence  of  entrapped  nitrogen  in  the  closed  porosity  (-2  %.  obtained  by 
subtracting  the  open  porosity  from  the  total  porosity)  present  after  the  1275°C  heat 
treatment.  Since  the  sample  was  sequentially  heated  further  to  1300  and  1400°C, 
respectively,  the  expansion  of  the  entrapped  gases  resulted  in  "bloating"  or  increases  in  the 
closed  pore  volume  (to  -4%  and  -6%,  respectively,  after  the  two  heat  treatments),  thus 


1400°C 


Table  4.5.  Dcnsification  Data  for  60  vol%  SiOj  + 40  vol%  Si: 


Table  4.6.  Densificaiion  data  for  60/40  SiOj/SijN,  Composite  Powder  Samples 


Temperature 

(°C) 

Bulk 

(R/cm3) 

PorStT(%) 

Apparent 
Density  (g/cm3) 

Relative 
Density  (%) 

600 

1.574 

38.9 
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2.S84 

1000 
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Figure  4.12.  Plots  of  (a)  bulk  density  vs.  temperature  and  (b)  open  porosity  vs. 

temperature  for  60/40  Si()2/Si,NJ  samples  prepared  from  (i)  a mixture 
of  SiOj  particles  and  Si3N4  particles  and  (ii)  Si03-coated  Si3N4  micro- 


(%)  A1ISN3CJ  3AI1VT3U 


|1 


5 


(8 


|! 

it 


s 


TEMPERATURE  (°C) 


(-94%  vs. 


compared  to  the  mixed  powder  compact 
compacts). 

Densification  behavior  was  also  studied  by  sintering  the  samples  under  isothermal 
conditions  at  1300°C.  Tables  4.7  and  4.8  list  the  results  from  Archimedes  density 
measurements  on  these  samples.  Figure  4.14  shows  plots  of  bulk  density  and  open  porosity 
vs.  sintering  time  for  the  samples.  Figure  4.15  shows  the  corresponding  plots  of  relative 
density  vs.  sintering  time.  The  compacts  prepared  with  the  microcomposite  particles 
reached  -100%  relative  density  after  sintering  for  2 h at  I300°C.  In  contrast,  the  compact 
prepared  with  the  particle  mixture  had  a relative  density  of  only  -73%  after  the  same  heat 
treatment.  In  addition,  the  latter  sample  reached  a maximum  relative  density  of  only  -90% 
after  long  sintering  times.  Similar  densification  behavior  has  been  reported  [Ran93]  for  -60 

these  composites  also  reached  a limiting  relative  density  of  -90%  after  long  sintering  times 
at  650"C.  Figure  4.14  also  shows  that  for  the  particle  mixture  compact,  the  amount  of  open 
porosity  increased  when  the  sample  was  sintered  for  48h.  This  may  be  attributed  to  the 
presence  of  trapped  nitrogen  in  the  closed  pores  (-9%)  formed  during  sintering  for  24  h at 
1300°C.  The  expansion  of  the  trapped  gas  (“bloating”)  during  the  subsequent  heat 
treatment  presumably  resulted  in  some  connectivity  of  the  pores  to  each  other  and  to  the 
pores  on  the  surface,  thus  resulting  in  some  open  porosity.  The  increase  in  porosity 
resulting  from  this  expansion  seems  to  have  been  mostly  compensated  for  by  the 
densification  process.  This  is  indicated  by  the  minimal  (-1.6%)  reduction  in  relative 
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Table  4.7.  Isothermal  Densification  Data  at  I300°C  for  60  vol%  SiO;  + 40  voi%  SijN. 
Particle  Mixture  Samples 


The  sintering  results  clearly  show  that  significant  enhancement  in  powder  compact 
densification  rate  can  be  achieved  by  using  microcompositc  panicles  with  controlled 
microstntcture.  Densification  of  the  mixed  powder  compacts  was  retarded  due  to  the 
formation  of  rigid  networks  of  non-sintcrable  SijNa  particles.  SijN,  panicle-particle 
contacts  were  evident  in  the  polished  and  etched  microstructure  of  the  sample  sintered  for 
under  isothermal  conditions  (Figure  4.16A).  In  contrast,  the  corresponding 
ed  with  the  microcomposite  panicles  showed  a relatively  uniform  dispersion 
Na  panicles  in  the  SiO?  matrix  (Figure  4.16B), 


2h  at  !300°C  i 


Figure  4.16.  SEM  micrographs  of  polished  and  etched  60/40  SiOj/SijNi  samples 
prepared  from  (A)  a mixture  of  SiOa  particles  and  SfoNs  particles  and  (B)  SiO>-coatcd 
SijNa  composite  powder.  Samples  were  sintered  for  2h  at  1 300°C. 


Table  4.8.  Isothermal  DensificaUon  data  at  1 300°C  for  60/40  SiOj/SijN,  Composite 
Powder  Samples. 
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The  results  pertaining  to  the  experiments  conducted  using  the  Series  II  composite 
powders  will  be  presented  in  this  section.  The  results  from  the  characterization  of 

Section  4.2.1.  In  Section  4.2.2,  the  results  from  the  suspension  and  green  compact 
characterization  will  be  described.  This  will  be  followed,  in  Section  4.2.3,  by  a 
discussion  of  the  results  pertaining  to  the  sintering  and  microstructural  characterization  of 
bulk  compacts.  Finally,  the  dielectric  and  mechanical  properties  of  selected  samples  will 
be  listed  and  discussed  in  Sections  4.2.4  and  4.2.5,  respectively. 


4.2.1.  Characterization  of  Panicles 


The  BET  specific  surface  area  of  the  Series  II  60/40  composite  powder  was 
measured  to  be  14.3  m!/g.  This  value  is  slightly  lower  than  the  surface  area  of  15.3  m!/g 
determined  for  the  Series  1 60/40  composite  powder  (see  Table  4.4).  The  difference  may  be 
attributed  to  the  fact  that  the  core  particles  in  the  Series  II  composite  powders  (i.c„  Lot2 
SbN.  powder)  were  slightly  larger  in  size  compared  to  those  in  the  Series  I composite 
powders  (i.e..  Loti  Si)N«  powder).  (The  median  Stokes  diameters  of  the  two  core  powders 
were  -0.33  and  -0.27  pm,  respectively  (see  Figure  3.1).)  As  discussed  in  Section  4.1.1,  the 
relatively  low  surface  area  of  the  composite  powder  presumably  indicates  that  the  coating  is 
dense  (i,e.,  there  is  no  significant  amount  of  open  porosity  in  the  SiOj  phase).  Table  4.9 
lists  the  measured  electrophoretic  mobilities  and  the  calculated  zeta  potentials  for  the  PS 


(-1.90  pm  dia.)  particles.  Figure  4.17  shows  the  plots  of  zeta  potential  vs.  pH  of  PS 
particles  and  60/40  microcomposite  panicles  (from  Table  4.3),  respectively.  Both  particles 
arc  expected  to  disperse  well  in  water  at  pH  values  in  the  range  9-10  due  to  the  development 
of  high  negative  surface  charges. 

Table  4.9.  Electrophoretic  Mobility*  (p)  and  Zeta  Potential  (Q  Data  for  PS  Panicles. 


0.1 110.23 
-1.7710.16 
-5.4710.1 1 
-7.0510.35 
-9.00io.62 


average 

(™v> 

-23.0 

-70.9 

-91.4 


(AW)  1VU.N3J.0d' 


Figures  4.18 


nd  4.18  (b)  show  the  TGA  and  DTA  plols,  respectively,  for  PS 


particles  heated  at  3°C/min  (tom  25-1000°C  in  flowing  (-<0  cm!/min)  nitrogen.  Figures 
4.19  (a)  and  4.19  (b)  draw  the  corresponding  plols  for  PS  particles  heated  under  the  same 
conditions  in  flowing  (-60  cmVmin)  air.  The  rapid  weight  loss  shown  in  the  TGA  plots 
(Figures  4.18  (a)  and  4.19  (a))  and  the  endothermic  peak  centered  at  ~397°C  observed  in  the 
DTA  plots  (Figures  4. 1 8 (b)  and  4. 1 9 (b))  are  characteristic  of  the  volatilization  of  products 
(such  as  styrene,  toluene,  etc.)  resulting  from  the  thcimodcgradation  reaction  [Car91, 
Dar90).  The  DTG  peak  temperature  (i.c.,  the  temperature  corresponding  to  the  maximum 
in  tbc  slope  of  the  TGA  curve)  and  the  DTA  endotheimic  peak  temperature  were  nearly 
identical  for  each  atmosphere  (396  vs.  398“C,  respectively,  for  nitrogen,  and  398  vs.  396°C, 
respectively,  for  air).  Pyrolysis  in  nitrogen  did  not  result  in  any  weight  loss  above  ~450“C 
and  a significant  amount  (-2.5  wt%)  of  residual  weight  was  observed  (Figure  4.18  (a)). 
This  result  was  consistent  with  the  feet  that  a brownish-black  residue  was  observed  in  the 
crucible  after  the  heal  treatment  in  nitrogen.  Darivakis  et  al.  [Dar90]  studied  the 
volatilization  reactions  of  PS  particles  heated  in  helium  at  -lOOOt/s  to  700°C.  It  was 
established  that  complete  burnout  occurred  (i.e..  no  residual  weight  was  observed)  under 
these  conditions.  This  is  in  apparent  contradiction  to  the  results  from  the  current 
mvesugauon  which  showed  that  significant  amount  of  carbonaceous  residue  remained  after 
pyrolysis  in  an  inert  (nitrogen)  atmosphere  at  much  lower  heating  rates  (3°C/inin).  One  of 
the  possible  reasons  for  this  difference  is  the  incomplete  removal  of  additives  (e.g.,  AIBN, 
hydroquinone)  during  the  washing  step  (see  Appendix  C)  in  the  synthesis  of  the  PS  particles 
used  in  the  current  investigation.  In  contrast  to  the  current  study,  Darivakis  et  al.  [Dar90| 
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Figure  4. 1 9.  Plots  showing  (a)  TGA  and  (b)  DTA  curves  for  PS  particles  healed 


used  PS  particles  that  were  prepared  by  a photo-polymerization  method  (exact  details  were 
not  specified).  Since  photo-polymerization  generally  does  not  involve  additives  [Fer89],  the 
resulting  polymer  is  relatively  pure.  Therefore,  the  burnout  of  such  a polymer  is  complete 
and  no  residual  weight  is  observed  after  pyrolysis. 

A secondary  weight  loss  with  a DTG  peak  temperature  of  507°C  (Figure  4.18  (a)) 
and  a corresponding  exothermic  peak  centered  at  510"C  (Figure  4.19  (b))  was  observed  for 
the  sample  heated  in  air.  This  reaction  corresponds  to  the  oxidative  combustion  of  the 
carbonaceous  residue  resulting  from  the  endothermic  reaction  that  occurred  in  the 
temperature  range  of  300-425°C.  The  residual  weight  after  the  secondary  (exothermic) 
reaction  is  almost  zero  (<0.1  wt%)  indicating  that  almost  complete  volatilization  of  the  PS 
particles  can  be  achieved  by  heat  treatment  in  air.  This  is  consistent  with  the  observation 

for  the  development  of  high-performance  low-dielectric  constant  materials  since  it  has  been 
shown  [Cha86]  that  the  presence  of  carbon  can  lead  to  detrimental  effects,  such  as  increases 
in  dielectric  constants  and  loss  tangents. 


Figure  4.20  shows  the  plots  of  viscosity  as  a function  of  shear  rate  in  the  range  0 - 
1000  s'1  at  pH  -9  for  -21  volV.  PS  and  -36  vol%  60/40  SiOj/SijN.  suspensions, 
respectively  (see  Appendix  F for  detailed  results).  Figure  4.20  shows  that  the  viscosity  was 
independent  of  shear  rate  for  the  PS  suspension.  The  Newtonian  behavior  of  the  PS 
suspension  can  be  attributed  to  having  a well-dispersed  suspension  (due  to  high  repulsive 
forces  between  the  panicles)  of  moderate  solids  loading  in  a Newtonian  fluid  (water).  In 
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Figure  4.20.  Plots  of  (a)  shear  stress  vs.  shear  rate  and  (b)  viscosity  vs.  shear  rate 
for  PS  suspension  (~21  vol%  solids)  and  60/40  SiO,/SijN4  (~36  vol% 
solids)  suspensions,  at  pH  - 9.2. 


; slightly  shear  thinning,  is 


contrast  to  the  PS  suspension,  the  SiCtySijN.  suspension  was 
the  viscosity  decreased  slightly  as  the  shear  rate  increased.  Particle/liquid  suspensions  can 

Newtonian.  This  is  not  true  for  the  current  study,  as  water  is  a Newtonian  fluid.  (2)  The 
suspension  may  contain  floes  or  agglomerates  which  break  down  at  high  shear  rates.  This  is 
a minor  factor  in  the  current  study.  The  use  of  fractionated  powders  resulted  in  a low 
concentration  of  hard  agglomerates.  The  preparation  of  suspensions  at  pH  * 9 resulted  in 
high  intcipaiticle  repulsive  forces  and,  thereby,  minimized  the  possibility  of  floe  formation. 
(3)  The  panicles  may  have  an  anisotropic  geometiy.  This  is  a minor  factor  for  the 
composite  panicles  since  they  were  mostly  equiaxed  (Figures  4. IB  and  4.2B-4.2D).  (4) 
Electroviscous  effects  may  be  operative  (Kri72,  Yeh88],  This  is  expected  to  be  important 
in  the  current  study  because  electroviscous  effects  are  significant  when  the  thickness  of  the 
electrical  double  layer  becomes  a substantial  fraction  of  the  panicle  diameter.  In  this  study, 
the  panicles  were  fine  (le„  -20%  were  less  than  -0.3pm)  and  the  electrical  double  layer 

strength.  (5)  Brownian  motion  may  be  operative  (Kri72,  Yeh88).  This  is  expected  to  be  a 

Figure  4.21  shows  the  rheological  behavior  for  (I)  a SiO,/SijN<  suspension  with  a 
solids  concentration  of -30  vol%,  and  (2)  a co-dispeised  suspension  with  a -88/12  volume 
ratio  of  SiOj/SijNr  particles  and  PS  particles  and  with  an  overall  solids  concentration  of 
-30  vol%  (see  Appendix  F for  detailed  results).  Both  suspensions  were  slightly  shear 
thinning.  However,  the  co-dispersed  suspension  had  a slightly  lower  viscosity  (-3.8  mPa»s 


SHEAR  RATE  (s'1) 

(b) 


Figure  4.2 1 . Plots  of  (a)  shear  stress  vs.  shear  rate  and  (b)  viscosity  vs.  shear  rate 
for  60/40  SiOj/SijN4  (-30  vol%  solids)  suspensions  with  and  without 
PS,  at  pH  - 9.2. 


at  1000  s')  compared  to  that  for  the  SiCySijN.  suspension  (-4.7  mPa*s  at  1000  s’1).  This 
difference  can  be  attributed  to  two  factors.  First,  the  co-dispersed  powder  had  a bimodal 
(polydispcrse)  particle  sree  distribution  (PS  panicles  had  diameters  of -1.9  pm  compared  to 
the  median  Stokes  diameter  of  - 0.45  pm  for  the  50/40  composite  powder).  Since 
polydisperse  suspensions  have  lower  viscosities  than  monodispersc  suspensions  [Ree88, 
Voi90],  the  PS/composite  powder  mixed  panicle  suspension  had  a lower  viscosity.  Second, 
for  a given  solids  concentration,  suspensions  made  with  ultrafine  panicles  (typically  with 
sizes  below  -0.5  pm)  tend  to  exhibit  higher  viscosities  due  to  increased  significance  of 
Brownian  motion  and  electroviscous  phenomena  [Kri72,  Yeh88).  Since  the  composite 
powder  suspension  had  a greater  fraction  of  finer  particles  (e.g..  less  than  0.5  pm)  compared 
to  the  co-dispersed  suspension,  it  had  a greater  viscosity. 

Fracture  surfaces  of  green  compacts  were  observed  under  the  SEM  to  determine  if 
any  obvious  segregation  occurred  during  slip-casting.  In  particular,  regions  near  the  top  and 

size.  The  SiOj/SijNi  powder  contains  particles  in  the  size  range  -0.05  - 0.8  pm.  If 
segregation  occurred,  the  concentration  of  larger  particles  would  increase  near  the  bottom  of 
the  sample  and  the  concentration  of  smaller  particles  would  be  higher  near  the  top  of  the 
sample.  In  the  case  of  compacts  made  using  the  co-dispersed  suspeasion.  segregation  could 
occur  between  the  PS  particles  and  the  SiOj/SijN.  particles  due  to  the  significant  difference 
in  their  powder  densities  (the  true  densities  of  PS  and  SiOj/SijN.  powders  arc  -1.05  g/cm3 
and  -2.51  g/cm3.  respectively)  and  the  difference  in  their  particle  sizes.  Several  fields  of 
view  from  the  top,  middle,  and  bottom  portions  of  the  samples  were  observed  by  SEM  and 
no  significant  differences  were  observed,  i.e.,  no  obvious  segregation  of  particles  was 


delected  in  either  type  of  sample.  The  tack  of  segregation  may  be  attributed  to  the  low 
sample  height  (-2*3  mm  after  casting),  the  use  of  relatively  concentrated  suspensions,  and 
the  relatively  high  casting  rates  (typically,  casting  occurred  in  only  -15  min.).  Figures 
4.22(A)  and  4.22(B)  show  representative  micrographs  of  the  cross-sections  for  SiOySijN< 
compacts  prepared  with  and  without  PS  particles,  respectively.  Figure  4.22(B)  shows  a 
homogeneous  distribution  of  isolated  PS  particles.  This  is  expected  since  the  particles  were 
dispersed  well  in  the  suspension  used  for  slip-casting.  In  addition,  the  volume  fraction  of 
PS  is  sufficiently  below  the  threshold  concentration  required  to  form  a contiguous  network 
(for  a random  mixture  of  equal  sized  spheres  of  two  phases,  percolation  occurs  at  only  -16 
vol%  (Zal83]). 

The  pyrolysis  of  PS  results  in  the  formation  of  large  (-1.9  pm  diameter)  spherical 
voids  in  addition  to  the  relatively  fine  interparticle  porosity  (associated  with  packing  of  the 
composite  powder)  that  exists  in  the  as-cast  state.  Since  the  interparticle  pore  channels 
provide  the  pathway  for  the  elimination  of  volatiles  resulting  from  the  burnout  of  PS, 
extremely  low  heating  rates  (-0-2”CVmin)  were  used  to  minimize  the  stresses  generated 
during  pyrolysis.  Figure  4.23  shows  the  weight  loss  (in  percent)  versus  temperature  for 
SiO;/SijN,  compacts  prepared  with  0 and  -12  vol%  PS  panicles,  respectively,  that  were 
heated  in  flowing  (-60  cm3/min)  air.  The  initial  weight  loss  (at  temperatures  <150°C)  in 
both  samples  is  presumably  associated  with  the  removal  of  physisorbed  water.  For  the  PS- 
containing  sample,  the  relatively  rapid  weight  loss  that  began  at  ~240°C  may  be  attributed 
primarily  to  the  pyrolysis  of  the  PS  particles.  These  temperatures  are  lower  compared  to 
those  observed  in  Figure  4.19  due  to  the  significantly  lower  heating  rates  (~0_20C/min  vs. 
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The  weight  loss  data  in  Figure  4.23  was  used  t 


Figure  4-22.  SEM  micrographs  of  green  compacts  prepared  by  slip-casting  (A)  60/40 
SiO-/SijN4  composite  powder  and  (B)  a mixture  of  60/40  SiO./Si^N*  microcomposite 
particles  and  PS  particles. 
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of  PS  panicles  in  the  green  compact.  The  contribution  to  the  weight  loss  from  the 
SiCtySiiN,  composite  panicles  was  assumed  to  be  2,0  wt%,  as  detemtined  by  the  TGA  of 
compacts  prepared  without  PS  particles.  The  true  densities  of  the  PS  and  SKVSijNs 
panicles  were  assumed  to  be  -1.05  g/cmJ  and  -2.60  g/cmJ,  respectively.  Further,  it  was 
assumed  that  PS  particles  were  completely  pyrolyzed  at  575°C,  i.e.,  the  total  weight  loss 
(7.6  wt%)  at  575°C  is  the  sum  of  the  weight  of  the  PS  particles  and  the  weight  loss 
associated  with  the  SiOj/SiiN,  particles.  Based  on  these  assumptions,  the  volume  ratio  of 
SiO,/Si,N<  to  PS  particles  was  calculated  to  be  -87/13  which  is  in  good  agreement  with  the 
expected  value  of  -88/12. 

Figure  4.24  shows  the  plots  of  cumulative  specific  pore  volume  vs.  pore  channel 
diameter  determined  by  Hg  penetration  porosimetry  for  pre-sintercd  (800°C)  samples"  with 
and  without  the  PS  particle-derived  pores.  Table  4.10  gives  the  total  intruded  pore  volume, 
median  pore  channel  radius,  and  calculated  percentage  porosity  for  each  sample.  The  PS 
particle-derived  pores  ore  connected  by  pore  channels  formed  by  the  packing  of  the 
microcomposite  particles.  Due  to  this  “ink-bottle”  structure  of  the  porosity  in  the  compacts, 
it  is  expected  that  the  bi-modal  nature  of  porosity  in  these  samples  would  not  be  reflected  in 
the  pore  channel  distribution  data.  Previous  studies  [Lee90,  Zhe92]  on  bi-modal  pore 
structures  in  powder  compacts  have  shown  that  larger  pores  will  be  detected  only  at  a 
pressure  sufficient  to  intrude  the  finer  inter-particle  pore  channels.  At  relatively  low 
pressures,  some  of  the  mercury  that  penetrates  through  the  largest  interparticle  pore 


higher  apparent 


80  diameter  obtained  by  mercury  porosimetry  for  800T  p reentered  M/40 

SiOj/Si  jN,  samples  cast  with  and  without  PS  particles. 


intntded  volume  corresponding  lo  these  channels.  This  would  explain  the  observation  that 
the  median  pore  radius  for  the  sample  with  the  PS  panicle-derived  pores  is  higher  compared 
to  that  for  the  sample  not  containing  the  PS  panicle-derived  pores  (Table  4.10).  The 
increased  median  pore  radius  for  the  PS  containing  samples  can  also  be  panly  attributed  lo 
the  increased  average  panicle  size  (-1.90  pm  for  PS  powder  vs.  -0.30  pm  for  SiCtySijN, 
powder)  which  results  in  increased  interparticle  pore  sizes. 


0.  Results  from  Hg  Pene 


rosimetry  on  Pre-Sintered  Compacts. 


It  is  interesting  to  compare  the  pore  size  data  to  those  obtained  by  Randall  [Ran93]. 
Randall  [Ran93]  used  PS  panicles  (-4.6  pm  diameter)  to  incorporate  controlled,  closed 
porosity  in  borosilicate  glass  (BSG,  average  panicle  size  -1.8  pm)  powder  matrices.  The 
median  pore  channel  radius  for  green  BSG  compacts  prepared  without  PS  particles  was 

prepared  with  -10  voI%  PS  panicles  (in  total  solid  volume)  had  a median  pore  channel 
radius  of  -1 10  nm  after  the  pyrolysis  of  PS  panicles  (and  prior  to  densification).  In 
addition,  the  measured  pore  size  distribution  was  uni-modal  although  the  compact  had  a bi- 
modal  pore  size  distribution  (i.c.,  a combination  of  the  relatively  fine  inter-particle  pores 


and  die  relatively  coarse  PS-derived  pores)  [Ran93],  These  observations  are  consistent  with 
the  pore  size  data  repotted  in  the  current  investigation. 

The  total  amount  of  porosity  (39,8%)  in  the  pre-sintercd  compact  containing  the  PS 
particle-derived  pores  was  used  to  estimate  the  packing  density  of  the  as-cast  compact 
Assuming  that  all  the  pores  are  detected  by  the  poiosimetry  measurements,  the  pre-sintered 
compact  had  a relative  density  of  100-39,8  = 60-2%.  Assuming  that  the  volume  ratio  of 
SiCVSijNr  particles  to  PS  particles  in  the  as-cast  compact  was  -88/12,  and  assuming  that 
the  PS  was  completely  pyrolyzcd  during  pre-sintering,  the  relative  density  of  the  as-cast 
compact  can  be  calculated  as  60.2/0.88  = 68.4%  and  the  corresponding  total  porosity  will  be 
100-68.4  = 31.6%.  This  is  significantly  lower  than  the  porosity  (36.1%),  determined  from 
porosimtery,  for  the  samples  prepared  without  the  PS  particles.  The  increased  packing 
efficiency  (or  decreased  interpanide  porosity)  of  the  samples  with  PS  particles  may  be 
attributed  to  the  fact  that  the  compacts  prepared  with  the  PS  particles  had  a broader  overall 
size  distribution.  The  ideal  packing  density  of  a binary  mixture  was  derived  by  Fumas 
[Fur28].  The  calculation  was  based  on  the  assumption  that  the  primary  phase  particles  are 
very  much  smaller  than  the  second  phase  particles.  It  was  shown  that  the  composite  relative 
density,Pt.  is  given  by 

Pc=  100api  / (100  - (100 - pi)fj]  (4.2) 

where  pi  is  the  relative  density  of  the  primary  phase  particles  in  the  absence  of  the  second 
phase  particles  and  fi  is  the  volume  traction  of  the  primary  phase  particles  in  the  mixture. 
In  the  current  study,  the  composite  powder  (primary  phase)  has  much  smaller  partides 
compared  to  the  PS  partides  (second  phase).  For  pi  = 63.9%  (ftom  Table  4.10,  assuming 


determines  the  total  porosity) 


concentration  of  -12  vol%  in  solids),  we  obtain  from  eq.  (4,2)  that  pc  = 66.8%.  In  other 
words,  the  relative  density  increased  from  63.9%  to  66.8%  when  PS  panicles  were  included 
in  the  composite  powder  packing.  This  is  slightly  lower  than  the  value  (68.4%)  determined 
earlier.  Therefore,  the  bi-modal  nature  of  the  panicle  size  distribution  may  only  partly 

powder  compact.  Other  possible  reasons  for  the  increase  include  errors  in  the  pore  volumes 
determined  by  porosimetty  (discussed  later  in  this  section),  errors  in  the  assumption  of  the 

densities  from  porosimetty  and  the  Furnas  model  would  be  67.6%  and  66.5%,  respectively). 

Table  4.11  shows  the  results  from  Archimedes  density  measurements  for  pre- 
sintered samples  with  and  without  the  PS-patticle  derived  pores.  Table  4.1 1 shows  that  the 
volume  percent  open  porosity  determined  by  the  Archimedes  method  using  water  as  the 
medium  is  significantly  higher  than  the  total  volume  percent  porosity  obtained  from 
porosimetty  (Table  4.10).  This  seems  to  indicate  that  the  mercury  failed  to  completely 
penetrate  all  the  open  pores.  One  possible  explanation  given  consideration  is  the  presence 
of  fine  porosity  in  the  compact  Since  the  the  lower  detection  limit  of  pore  channel  diameter 
by  mercury  penetration  is  -40  A (4  nm)  [Gre82).  the  presence  of  pores  or  pore  channels 
finer  than  this  size  would  prevent  complete  intrusion  of  mercury.  In  order  to  detect  the 
presence  of  any  such  fine  porosity,  pore  size  measurements  were  carried  out  using  nitrogen 
gas  adsorption  on  the  sample  containing  the  PS-derived  pores.  Figure  4.25  shows  the 
adsotption  and  desorption  isotherms  for  the  same.  The  isotherms  exhibit  apparent 
characteristics  of  Type  IV  according  to  the  Brunaucr-Emmen-Teller  (BET)  classification 


(Gre82).  The  hyslerisis  loop  is  characteristic  of  the  prcscoce  of  porosity  in  the  compact 
[Gre82]. 


Table  4.11.  Density  and  Porosity  Values  Determined  by  the  Archimedes  Displacement 
Method  Using  Different  Media. 


0%  I'S 1 2%  PS 

Medium  Pm  O.P.*  Pwm,  Pm  O.P.*  Pw™i 

tsaturaiion  lime)  (g/cm1)  (%)  (E/cm3)  (g/cm1!  f%)  (g/cm3) 

water  1.482  42.7  2.584  1.421  44.5  2.562 

(2h)  1.478  42.9  2.588  1.420  44.3  2.566 


32.2  2.207  1.435  36.1  2.246 

32.2  2.207  1.433  36.3  2.250 


ethanol  1.495  32.6  2.218  1.433  36.2  2.248 

(3h) 

methanol  1.486  32.5  22203  1.437  35.8  2.239 

<30min) 


Figure  4.26A  shows  plots  of  cumulative  pore  volume  and  specific  volume 
frequency,  as  functions  of  pore  diameter,  for  the  sample  containing  the  PS-derived  pores. 
The  tri-modal  nature  of  the  pore  size  distribution  may  be  explained  as  follows.  The  largest 
pores  (i.e„  the  pores  with  diameters  greater  than  -60  nm,  which  is  the  second  minimum  in 
Figure  4.26A)  is  presumably  due  to  the  porosity  associated  with  the  particle  packing.  The 
total  volume  of  these  pores  was  calculated  to  be  -0.01 19  cm3/g.  This  is  significantly  lower 
than  the  value  (0.2542  cmVg)  determined  using  mercury  porosimetry.  This  may  be 
explained  by  the  fact  that  the  upper  limit  of  pore  diameters  measured  by  gas  adsorption  is 
typically  in  the  range  of  300  - 400A  (30  - 40  nm)  [Gre82).  Therefore,  most  of  the  inter- 


PORE  DIAMETER  (nm) 


(b) 

Figure  4.26A.  Plots  of  (a)  pore  volume  and  (b)  specific  volume  frequency  vs.  pore 
diameter  obtained  by  nitrogen  adsorption  for  a pre-sintered  (800°C) 
60/40  SiOj/Si(N(  sample  with  PS  particle-derived  pores. 
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Figure  4.26B.  Plots  of  (a)  pore  volume  and  (b)  specific  volume  frequency  (dV/dD) 
versus  pore  diameter  obtained  by  nitrogen  gas  adsorption  for  60/40 
SiOj/Si^N,  composite  powder  and  powder  compact 


ly  was  not  detected  using  the  gas  adsorption  method.  The  intemiediate  pores 
(corresponding  to  the  peak,  centered  at  a pore  diameter  of  -35  nm,  shown  in  Figure  4.26A) 
might  be  due  to  the  pores  present  within  coated  agglomerates.  (If  an  agglomerate  of  core 
particles  was  completely  coated  by  the  SiOr  phase,  then  the  pores  within  it  would  not  be 
detected.  However,  if  the  same  cluster  was  partially  coated,  then  it  would  comprise  pores 
with  sizes  smaller  than  those  observed  for  typical  interparticle  pores.)  The  total  volume  of 
these  pores  was  calculated  to  be  -0.0202  cm3/g.  The  finest  pores  (i.c.,  those  with  diameters 
less  than  -4  nm,  which  is  the  first  minimum  in  Figure  4.26A)  may  be  attributed 
predominantly  to  the  porosity  within  the  coaled  powders  in  the  compact.  The  total  volume 
of  such  pores  was  calculated  to  be  -0.0035  cm!/g.  The  evidence  for  the  presence  of 
porosity  in  the  composite  powders  is  described  in  Section  4.3.1.  If  the  finest  porosity  (< 
4nm  diameter)  was  not  accessible  to  infiltration  by  mercuiy,  porosities  obtained  from 
mercury  penetration  porosimetry  would  be  lower  than  that  obtained  from  the  Archimedes 

in  the  porosity  and  therefore  it  could  not  explain  the  higher  (5-7%)  discrepancies  in  the  pore 
volumes  as  observed  earlier.  However,  it  is  still  possible  that  the  finest  porosity  comprise 
pore  channels  providing  access  to  some  of  the  larger  pores  (i.e.,  those  within  coated 
agglomerates  or  those  associated  with  particle  packing).  This  could  explain  the  inability  of 
mercury  to  intrude  some  of  the  porosity. 


It  is  interesting  to  compare  the  gas  adsorption  data  for  the  presintered  60/40  (Series 
omposite  powder  compact  (see  Figure  4.26A  in  Section  4.3.1)  with  the  corresponding 
its  for  a Series  III  60/40  composite  powder  batch  (sec  Figure  4.64).  Figure  4.26B  shows 


s of  p, 


diameter  for  the  two  cases,  respectively.  The  total  specific  pore  volume  of  the  powder  was 
-4.5  times  that  for  the  powder  compact  (-0.160  vs.  -0.035  cm’/g,  respectively). 
Furthermore,  it  is  evident  from  Table  4.18  (see  Section  4.3.1)  that  the  total  specific  pore 
volumes  of  the  other  Series  III  composite  powders  were  -3-5  times  that  for  the  powder 
compact.  Since  the  powder  packing  efficiency  for  the  compact  is  higher  than  that  for  the 
loose  powder,  the  total  specific  pore  volume  of  the  former  is  expected  to  be  lower. 
However,  the  relatively  low  packing  efficiency  results  in  considerably  larger  pores  and 
some  of  these  larger  pores  may  not  be  detected  by  nitrogen  gas  measurements.  (The  exact 
pore  sizes  associated  with  the  particle  packing  for  the  powder  and  the  compact  could  not  be 
calculated  fiom  the  dV/dD  plots  in  Figure  4.26B  since  the  corresponding  peaks  occurred  at 
sizes  greater  than  the  upper  detectable  limit  for  the  technique.)  Therefore,  it  is  intriguing 
that  significantly  greater  pore  volumes  were  detected  for  the  powders  compared  to  the 
powder  compact.  (It  is  noted  that  the  total  specific  pore  volume  for  the  Series  D 85/15 
powder  was  -0.052  em’/g  (sec  Table  4.1 8)  which  is  in  reasonable  agreement  with  the  value 
of  0.035  cmJ/g  measured  for  the  Scries  U 60/40  composite  powder  compact.  This  may  be 
attributed  to  the  fact  that  the  85/15  composite  particles,  and  hence  the  pores  associated  with 
the  loose  packing  of  these  particles,  are  larger  (compared  to  the  other  composite  powders 
listed  in  Table  4. 1 8)  due  to  the  relatively  thick  coatings.  Therefore,  a significant  traction  of 

The  dV/dD  plots  in  Figure  4.26B  show  that  the  powder  exhibited  a bi-modal  pore  size 
distribution  whereas  the  compact  exhibited  a tri-modal  distribution.  The  intermediate 
pores,  which  is  presumably  associated  with  the  presence  of  agglomerates  (see  discussion  in 


paragraph),  arc  seemingly  absent  in  the  powder  sample.  The  differences  in 


specific  pore  volumes  and  dV/dD  between  the  loose  powder  and  the  powder  compact  have 
not  been  clearly  understood  yet.  However,  the  comparison  shown  in  Figure  4.26B  may  not 
be  rigorously  valid  due  to  the  following  two  reasons.  First,  the  compacts  were  prepared 
using  Series  II  composite  powder  while  Scries  III  powder  was  used  for  the  loose  powder 
sample.  The  specific  suface  area  of  the  powders  used  in  the  two  samples  were  different 
(-14  and  -27  m'/g,  respectively).  Therefore,  it  may  not  be  reasonable  to  compare  the 
samples  prepared  from  the  two  powders.  Second,  the  compact  used  in  this  study  contained 
PS-derived  pores,  in  addition  to  the  inter-particle  porosity.  Furthermore,  as  discussed 
earlier,  the  composite  particle  packing  in  the  PS-containing  compacts  is  presumably 
different  from  the  packing  in  the  absence  of  the  PS  panicles.  Therefore,  it  may  be  necessary 
to  carry  out  gas  adsorption  pore  size  measurements  on  compacts  prepared  using  Series  in 
composite  powders  and  without  the  presence  of  PS  panicles,  in  order  to  make  reliable 
comparisons  between  the  pore  size  distribution  for  loose  powders  and  powder  compacts. 

Table  4.1 1 shows  that  the  bulk  densities  determined  using  ethanol  and  methanol  as 
the  media  were  nearly  identical  to  those  determined  using  water  medium  (Table  4.1 1)  but 
the  open  porosities  were  significantly  lower  (by  -7-9%).  This  indicates  that  ethanol  and 
methanol  failed  to  infiltrate  all  the  pores  during  the  saturation  step.  In  addition,  the  density 
results  were  identical  for  measurements  made  in  ethanol  using  saturation  times  of  30  nun 
and  3 h.  This  seems  to  indicate  that  further  infiltration  was  not  possible  by  using  long 
saturation  times.  One  of  the  possible  explanations  for  the  differences  in  porosities 
determined  using  the  different  media  is  the  difference  in  their  molecular  sizes.  The  length 
of  the  O-H  bond  is  0.94A,  while  the  lengths  of  the  C-C.C-H,  and  C-0  bonds  are  1.52, 1.11, 


and  1.43A,  respectively.  Therefore  the  H-O-H  chain  length  in  the  water  molecule  is  1.88A, 
the  H-C-O-H  chain  length  in  methanol  is  3.48A,  and  the  H-C-C-O-H  chain  length  in 
ethanol  is  5AM.  If  these  values  were  treated  as  the  "molecular"  sizes  for  the  different  media, 
ethanol  and  methanol  had  slightly  higher  “molecular"  sizes  compared  to  that  for  water. 
However,  it  is  difficult  to  conceive  that  there  exists  a significant  number  of  pore  channels  in 
the  narrow  size  range  of  1.88-3.48A  (which  is  accessible  to  water  but  not  methanol  or 
ethanol)  in  order  to  account  for  the  differences  in  the  measured  porosites  using  water  and 
methanol  as  the  media.  Another  possible  explanation  for  the  density  differences  observed 
between  the  measurements  in  water  and  alcohol  media  is  poorer  wettability  of  the  alcohols 
(relative  to  water)  on  the  composite  particles.  However  further  experiments,  such  as  contact 
angle  measurements,  are  necessary  to  confirm  this  hypothesis. 

Pore  size  and  Archimedes  density  measurements  were  also  carried  out  on  SiOj  and 
AljOs  samples  used  in  studies  conducted  by  Wang  (K.  Wang  and  M.D.  Sacks,  personal 
communication,  1996].  The  S1O2  samples  were  prepared  by  slip-casting  a well-dispersed 
(pH  - 8)  suspension  of  ~0. 1 8 pm  dia.  SiOi  particles.  The  samples  were  pre-sintered  for  6 h 
at  700°C  in  air  prior  to  the  density  measurements.  The  AI2Oj  samples  were  fotmed  by  slip- 
casting a pH  - 4 suspension  and  the  samples  were  pre-sintered  for  Ih  at  900'C  in  air.  Table 
4.12  shows  the  results  (rom  the  Hg  porosimetry  and  Archimedes  displacement 
measurements  on  these  samples  [K.  Wang  and  M.D.  Sacks,  personal  communication, 
19%]. 


J2O3  Determined  by  Hg 


Table  4.12.  Density  and  Porosity  Values  for  Si02  and  Al 
Porosimetiy  and  Archimedes  Displacement  Method. 


Archimedes  Method 

Sample 

Medium 

O.P.* 

(%) 

PippORM 

AIjO) 

(2h) 

2.648 

2.641 

32.4 

32.8 

3.930 

30.8 

ethanol 

(lh) 

2.672 

32.3 

3.948 

3.952 

SiO; 

m_ 

1.307 

40.1 

2.182 

34.0 

The  open  porosity  values  determined  by  the  Archimedes  method  for  the  AljOs 
samples  were  in  reasonable  agreement  with  the  value  determined  by  porosimetiy  (-315% 
vs.  -3 1 .0%.  respectively).  In  contrast,  there  was  -6%  difference  in  the  corresponding 
values  determined  for  the  SiOr  sample.  This  is  in  apparent  contradiction  with  the 
observations  of  Vora  [Vor90]  that  the  porosity  of  750°C  pre-sintered  SiO;  compacts 
(prepared  using  the  same  method  as  that  used  in  the  current  study)  determined  by  mercury 
porosimetiy  and  by  the  Archimedes  method  using  water  as  the  medium  were  similar  (e,g„ 
-34.9%  and  —35.3%.  respectively,  for  the  two  methods[Vor90]).  However,  the  SiOj 
particles  used  in  Vora's  work  [Vor90]  were  significantly  larger  than  those  used  in  the 
compacts  prepared  by  Wang  [K.  Wang  and  M.D.  Sacks,  personal  communication.  1996) 
(-0.60  pm  vs.  -0.18  pm  dia..  respectively).  Therefore,  it  is  possible  that  much  finer  pore 
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The  pre-sintered  samples  were  heated  to  temperatures  in  the  range  1000-I400"C. 
Figures  4.27  and  4.28  show  plots  of  bulk  density  and  open  porosity,  respectively,  versus 
sintering  temperature  for  compacts  prepared  with  and  without  PS  particles.  Figure  4.29 
shows  plots  of  relative  density  versus  temperature  for  the  same  compacts.  Samples 
prepared  without  PS  particles  reached  a maximum  density  of  -2.61  g/cm3.  In  contrast, 

-2.40  g/cm3  (-92%  relative  density)  at  -1250°C  but  underwent  further  densifleation  when 
heated  at  temperatures  greater  than  1300°C.  The  sintering  behavior  of  the  latter  samples 
may  be  explained  as  follows.  At  relatively  low  sintering  temperatures  (S  1250°C),  the 
porosity  associated  with  the  composite  powder  packing  reduces  as  the  compacts  undergo 
densifleation.  The  reduction  in  bulk  volume  associated  with  this  densifleation  results  in  a 
corresponding  shrinkage  of  the  PS  particle-derived  pores.  If  the  total  porosity  in  the  pre- 
sintered  compact  is  assumed  to  be  equal  to  the  open  porosity  determined  by  Archimedes 
measurements  (in  deionized  water),  the  presintered  sample  with  the  PS  particle-derived 
pores  contained  -55.3  vol%  solids.  Assuming  the  volume  ratio  of  SiCtySijNj  and  PS 
particles  (or  the  voids  created  by  the  pyrolysis  of  these  particles)  to  be  -88/12,  the  relative 
density  of  the  as-cast  compact  was  55.3/0.88  B 62.8%.  The  corresponding  inter-particle 
porosity  in  the  sample  is  1 00  - 62.8  = 37.2%.  The  elimination  of  this  porosity  would  lead  to 
a corresponding  (i.e.,  37.2%)  shrinkage  of  the  PS  particle-derived  pores.  Based  upon  this 
shrinkage,  the  final  concentration  of  the  PS  particle-derived  pores  can  be  calculated  as 
0.628*12  = 7.5  vol%.  This  is  in  excellent  agreement  with  the  amount  of  closed  porosity 
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(-7.6  vo!%,  see  Appendix  H)  in  ihe  compact  sintered  to  1250°C.  As  densification  of  the 
powder  matrix  occurs,  the  PS  particle-derived  pores  are  gradually  “pinchcd-off"  or  become 
isolated  from  each  other.  The  open  porosity  is  almost  completely  eliminated  at  1250°C  for 
both  compacts  (Figure  4.28)  which  indicates  that  the  kinetics  of  intcrparticle  pore  shrinkage 
is  apparently  not  significantly  affected  by  the  presence  of  the  PS  particle-derived  pores.  At 
this  stage  the  PS  particle-derived  pores  exist  as  almost  isolated,  closed  pores.  When  the 
sample  is  heated  to  temperatures  2 1250°C,  the  PS  particle-derived  pores  begin  to  shrink 
significantly,  thus  leading  to  a further  increase  in  the  bulk  density. 

Some  investigators  [Kat92,  Ran93)  have  studied  the  effect  of  PS  concentration  on 
the  nature  of  the  porosity  in  sintered  glass-ceramic  matrices.  Kata  and  Shimada  [Kal92] 
prepared  green  tapes  by  tape-casting  a suspension  containing  a mixture  of -15  wt%  quartz 
glass  / 20  wt%  cordierite  / 65  wt%  borosilicate  glass  powder  (the  average  particle  sizes  of 
the  ceramic  and  gloss  constituents  were  -3.2  pm  and  -3.0  pm,  respectively)  and  PS 
panicles  with  an  average  diameter  of -18  pm.  Mixtures  containing  0-49  vol%  PS  particles 
(in  solids)  were  prepared.  Substrates  were  fabricated  using  a conventional  green  sheet 

presence  of  any  open  porosity)  achieved  in  these  samples  was  -13  vol%  using  a PS 
concentration  of -23  vol%  (in  the  solid  volume)  in  the  green  sample.  Higher  loadings  of  PS 

percolation  threshold,  i.e,  the  critical  concentration  required  to  form  a contiguous  network 
(Zal83)  Randall  [Ran93]  used  PS  particles  (-4.6  pm  diameter)  to  incorporate  controlled, 
closed  porosity  in  borosilicate  glass  (BSG,  average  particle  size  -1.8  pm)/SbNi  (average 
particle  size  -1 .2  pm)  mixed  powder  matrices.  Samples  with  an  overall  BSG/SijN,  volume 


itio  of  -80/20  were  prepared  wilh  PS  i 


i in  the  range  of  0-20  vol%  (in  solids).  The 


was  ~1 1 vol%  corresponding  to  a PS  content  of  20  vol%  in  the  green  sample.  Based  on 
these  results,  it  is  speculated  that  higher  amounts  (presumably  up  to  '13  vol%)  of  isolated, 
closed  porosity  can  be  incorporated  in  SitVSijN..  matrices  by  using  greater  amounts  of  PS 
(20-25  vol%  vs.  12-16  vol%  which  was  used  in  the  current  study)  in  the  powder  mixture. 

Figure  4.30  shows  the  SEM  micrograph  of  a typical  cross-section  of  the  fracture 
surface  of  a sample  that  was  sintered  at  1300°C.  It  is  evident  that  the  pores  are  nearly 
spherical  and  relatively  well-distributed  in  the  dense  composite  matrix.  The  typical 
micrograph  of  a polished  and  etched  surface  of  the  same  sample  is  shown  in  Figure  4.31. 
The  microstructure  of  the  SiCVSiiN,  “matrix"  is  identical  to  that  observed  for  samples  that 
were  processed  without  the  PS  particles  (Figure  4.16  (B)),  i.e.,  the  SiOj/SijN,  matrix  is 
almost  fully  dense  and  the  SijN,  particles  are  uniformly  dispersed  in  the  amorphous  SiO; 
matrix.  It  is  noted  that  the  shape  of  the  PS-particle  derived  porosity  depends  on  the  green 
forming  method.  Materials  for  high  speed  LSI  packaging  applications  are  generally 
fabricated  using  green  sheet  lamination  techniques  [Tum91  ].  As  described  earlier,  Kata  and 
Shimada  [Kat92]  used  PS  particles  to  introduce  controlled,  closed  porosity  in  glass/ceramic 

associated  with  the  green  sheet  lamination  process  and  that  the  deformation  resulted  in 
"egg-shaped"  pore  geometry  in  the  heat-treated  samples.  In  the  current  investigation,  the 
porosity  was  nearly  spherical  (Figure  4.30)  since  the  processing  steps  (i.e.,  slip-casting  and 
pressureless  sintering)  do  not  involve  any  significant  stresses. 


Figure  4.31.  SEM  micrograph  of  a polished  and  etched  surface  of  a 60/40  composite 
powder  sample  (sintered  at  1 300°C ,2h)  processed  with  PS  particles. 


4.2.4.  Dielectric  Pr 


Samples  for  dielectric  constant  measurements  were  prepared  using  a -86/14  volume 
ratio  of  60/40  SiOj/Si)N,  ponder  and  PS  particles.  Dielectric  properties  were  measured  on 
compacts  sintered  for  2 h at  1300°C.  While  the  sample  processed  without  PS  was  almost 
fillly  dense  (i.e.,  no  residual  porosity),  the  sample  containing  the  PS  particle-derived  pores 
had  -10%  total  porosity  (-0.5%  open  porosity)  as  determined  by  the  Archimedes 
displacement  method  (Table  3.8).  The  dielectric  properties  of  these  composites  were 
compared  with  those  corresponding  to  fully  dense  and  porous  SiOj  (-9%  total  porosity  and 
-0.3%  open  porosity)  compacts  (Table  3.8).  Figure  4.32  shows  the  plots  of  dielectric 
constant  vs.  log  frequency  for  these  samples.  The  dielectric  constant  values  for  all  the 
samples  are  independent  of  the  frequency  indicating  that  there  was  no  polarization 
mechanisms  existing  in  the  frequency  range  1.1  kHz  - 10  MHz.  The  dielectric  constant  of 
S1O2  (-3.8)  was  in  excellent  agreement  with  reported  values  for  fused  silica  (-3.78  for 
Coming  9I5°C  fused  silica  [Hip54])  and  dense  sol-gel  derived  silica  (-3.8  [San89. 
Gup96]).  The  dielectric  constant  of  the  60/40  SiO;/Si,N,  sample  (c,  - 4.9)  was  higher  than 
that  of  SiCh  (e,  - 3.8)  due  to  the  presence  of  the  relatively  high  dielectric  constant 
particulates  in  the  matrix”.  (The  dielectric  constant  has  been  reported  to  be  in  the  ranges  of 
- 5.8  - 7.5  for  high-purity  CVD  SijN.  films  [Hol95,  Lem92]  and  - 6.0  - 6.5  for  hot-pressed 
SijN4  with  1-3  wt%  V,Os  additives  [Sch84,  Coo83]).  As  expected,  the  incoiporation  of 
closed  porosity  (PS  particle-derived  pores)  resulted  in  lower  dielectric  constants  for  both 


SiOz  te  - 3.4)  and  the  60/40  SiOj/Si^N*  (e,  - 4.4)  samples.  The  dielectric  properties  of  the 
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SiOySiiN'j  composites  are  comparable  to  or  better  than  values  reported  for  various  glasses 
and  silicate  glass/crystallinc  ceramic  composites  used  for  microelectronic  packaging 
applications  (Table  2.1). 

Dielectric  properties  were  also  measured  for  partially  sintered  composite  samples 
(with  total  pore  contents  of -24%  and  -33%,  respectively)  prepared  without  PS  particles. 
(The  samples  were  sintered  for  2h  at  1 1 75  and  1 1 50°C . respectively,  as  shown  in  Table  E-ID 
in  Appendix  E.)  Figure  4.33  shows  the  plot  of  dielectric  constant  vs.  log  frequency  for 
these  samples  compared  to  the  composite  powder  samples  from  Figure  4.32  (i.e.,  with  -0% 
and  -10%  porosity).  The  dielectric  constant  of  multi-phase  materials  can  be  predicted  from 
the  propetties  of  the  constituent  phases  using  various  mixing  rules.  The  dielectric  constant 
(c*)  of  a suspension  containing  a small  volume  fraction  (V|)  of  spherical  panicles 


the  Rayleigh  mixture  formula  [Hal76], 

g.  12b,  + c,  + 2V,  (e,  - e,)] 
[2c,  + c,  - V,  (c,  -e,)] 

Hashin  and  Shtrikman  [Has62]  established  boun 
geometry  of  the  second  phase.  The  upper  bound, 
eq.  (4.3).  The  lower  bound,  e*,*  can  be  expressa 


electric  constant  c,)  can  be  described  using 
(4.3) 

ids  for  isotropic  composites  with  arbitrary 
e‘(,>,  is  mathematically  equivalent  to  e*  in 


s*„  = E,  ♦ ,44) 

[1/(E2-E1)  + (V,/3e1))  ' ' 

In  the  current  treatment,  the  SiCVSijN,  composite  material  was  considered  as  the  matrix 

phase  with  e,  - 4.94  (average  value  at  1 MHz).  The  porosity  (e,- 1)  was  treated  to  be  the 


phase.  The  data  from  Fig 
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MHz)  as  a function  of  the  total  porosity  (Figure  4.34).  Figure  4.34  also  shows  the  plots 


from  the  theoretical  predictions  corresponding  to  eqs.  (4.3)  and  (4.4).  The  sample  with 
-10%  porosity  consisted  of  a dilute  dispersion  of  closed,  nearly  spherical  voids.  Therefore, 
the  dielectric  constant  of  this  sample  can  be  predicted  by  the  Rayleigh  mixture  formula  (eq. 
4.3),  as  indicated  by  the  solid  line  in  Figure  4.34.  In  contrast,  the  samples  with  -24%  and 
-33%  total  porosity  did  not  follow  eq.  (4.4)  because  they  contained  interconnected  (i.e., 
non-isolated)  pores  with  non-sphcrical  geometry.  However,  the  measured  values  of 
dielectric  constant  lie  within  the  Hashin-Shtrikman  bounds  (indicated  by  the  solid  and 
dashed  lines  in  Figure  4.34). 


Table4.l3.  Loss  Tangent  (tan  8)  Values  for SiOj and  60/40  SiOr/SijN,  Samples 


Sample  Description 
SiC>2  (-0%  porosity)* 
Si(>2  (-9%  porosity)* 


60/40  Si02/Si5N4  (-0%  porosity)* 
60/40  SiO,/SijN,  (-10%  porosity)* 


60/40  SiCVSijN.  (-24%  poros 
60/40  SiCtySirN,  (-33%  porosity) 


tan  8 at  1MHz 
0.0001 
0.0001 
0.0002 
0.0002 
0.0042 


Table  4.13  lists  the  loss  tangent  (Ian  8)  values  for  fully  dense  and  porous  Si02  and 
SiOj/SijN,  samples.  The  samples  that  are  frilly  dense  (i.e.,  almost  no  porosity)  and  the 
samples  that  contain  only  dosed  porosity  (i.e,  the  PS  particle-derived  pores)  are 
hermetically  sealed.  In  contrast,  the  samples  with  open  porosity  are  susceptible  to 
infiltration  of  atmospheric  contaminants  (c.g.,  moisture)  from  the  surface,  which  would  tend 
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to  increase  dielectric  losses.  As  expected,  low  loss  factors  (0.0001  - 0.0002)  were  observed 
for  hermetic  samples  whereas  the  samples  with  open  porosity  exhibited  much  higher  loss 
factors  (0.0040  - 0.0060). 


4.2,5.  Mechanical  Properties 

Table  4. 14  lists  mechanical  properties  for  SiO?  and  the  60/40  SiO;/SijNj  composite 
powder  compacts.  The  Si02  samples  had  an  average  strength  of  61  MPa,  average  Vicker's 
hardness  of  6.9  GPa,  and  average  fiacture  toughness  of  1.1  MPasm1".  These  values  are 
comparable  to  reported  values  for  sol-gel  derived  (Vicker's  hardness  - 7 GPa  [Kut95])  and 
fused  silicas  (average  strength  -50  MPa  [Lyo94]).  SEM  observations  of  typical  fracture 
surfaces  of  Si02  indicate  that  surface  defects  (e.g.,  machining  defects)  are  the  controlling 
Haws  for  fracture  (Figure  4.35).  The  fully  dense  SiOj/SijN,  composite  sample  had  an 
average  flexural  strength  of  183  MPa,  average  Vicker's  hardness  of  8.7  GPa  and  average 
fracture  toughness’1  of -1.7  MP:i»m,:.  These  properties  are  significantly  better  than  the 
values  determined  for  SiC>2  (Table  4.14)  and  are  comparable  to  values  reported  for  various 
silicate  glass/ctystalline  ceramic  composites  and  crystallized  glass-ceramics  (e.g.,  cordierile) 
with  low  dielectric  constant  (Table  2.1). 

The  increase  in  toughness  (1.7  vs.  1.1  MPa*mw)  due  to  the  inclusion  ofSijN4  in  the 
SiOj  matrix  may  be  partly  attributed  to  crack  deflection  mechanisms  as  illustrated  by  a 
typical  crack  path  shown  in  Figure  4.36A.  (Some  isolated  residual  pores,  presumably  due  to 
incomplete  dcnsification,  are  also  observed  in  the  microstracture.)  However,  a higher 


Figure  4.35.  SEM  micrographs  of  fracture  surfaces  showing  controlling  flaws  in  flexu 
tested  SiOj  samples:  (A)  Sample  #3,  and  (B)  Sample  #8. 


Figure  4.36.  SEM  micrographs  of  a polished  surface  of  a 60/40  sample  showing  a typical 
crack  path  at  (A)  a low  magnification  and  (B)  a high  magnification.  The  crack  was 
produced  by  Vicker's  indentation  and  the  surface  was  etched  with  HF  solution. 


magnification  micrograph  (Figure  4.36B)  of  the  same  crack  path  shows  that  in  some 
regions,  the  crack  propagates  in  an  intragninuiar  mode  (i.e.,  through  the  Si(N,  inclusions). 
The  increase  in  toughness  may  also  be  attributed  to  the  increases  in  the  elastic  modulus  and 
the  fracture  strength. 


Flexural  Strength  (MPa) 
Vicker’s  Hardness  (GPa) 
Fracture  Toughness  (MPaum1'3) 

1 Determined  by  quantitative  microscopy  i 


operties  of  SiOj  and  60/40  SiOj/SijN,  Samples 


60/40  SiOt/SiiNt 


(-0%  Porosity)  (-0%  Porosity)  (-9%  Porosity)* 


61  (±7) 
6.9  (±0.3) 


183(133)  183  (±43) 

8.7  (±  02)  6.5  (±0.1) 

1.7  (±0.1) 


The  incorporation  of  -9%  closed  porosity  (i.e.,  the  PS  particle-derived  pores) 
resulted  in  a lower  average  hardness  (6.5  GPa)  but  the  average  flexural  strength  remained 
the  same  (183  MPa),”  The  latter  result  indicates  that  the  closed,  spheroidal  pores  are  not 
the  strength-limiting  flaws  in  the  60/40  SiOj/SijNj  composites.  Preliminary  observations  of 
the  fracture  surfaces  suggests  that  the  strength  may  be  limited  by  uncontrolled  processing 
defects,  e.g„  powder  agglomerates  which  were  not  broken  down  during  processing.  Figures 
4.37  and  4.38  show  examples  of  selected  fracture  surfaces  of  a fully  dense  sample  and  a 
porous  sample,  respectively.  The  mirror-mist-hackle  patterns  on  the  fracture  surfaces  are 
characteristic  of  brittle  fracture  typically  observed  in  glasses  and  glass-matrix 


Figure  4.37.  SEM  micrographs  of  a fracture  surface  of  a 60/40  sample  (sintered  at 
1300°C,  2h).  (A)  Low  magnification  micrograph  shows  the  mirror-mist-hackle  pattern. 
(B)  Higher  magnification  micrograph  shows  the  fracture  origin  which  is  a large 


Figure  4.38.  SEM  micrographs  of  a fracture  surface  of  a 60/40  sample  (sintered  at 
1300"C.  2h).  with  PS-derived  pores.  (A)  Low  magnification  micrograph  shows  the 
mirror-mist-hackic  pattern.  (B)  Higher  magnification  micrograph  shows  the  flaw  (powder 


compositcs[Mec84).  Sintered  powder  agglomerates  (Figures  4.37  and  4.38)  apparently 
initiated  fracture  in  both  the  SiCVS^Na  samples.  It  is  expected  that  the  strength  of  these 
composites  will  be  significantly  increased  by  eliminating  the  relatively  large  powder 
agglomerates  (e.g„  by  filtration  of  the  suspension,  etc.)  during  processing.  The  measured 
values  of  strength  and  fracture  toughness  were  used  to  predict  the  critical  flaw  size  that  led 
to  fracture.  The  fracture  toughness,  Kit,  for  a sample  with  a surface  crack  of  depth,  c.  may 
be  expressed  as  [Her96] 

Ki,  = Y ore1®  (4.5) 

where  ar  is  the  fracture  stress  (or  flexural  strength),  and  Y is  a geometric  parameter 
dependent  on  the  flaw  and  specimen  geometries,  and  the  loading  configuration.  For  crack 
sizes  much  smaller  than  the  specimen  thickness  (typically  for  crack  size  to  specimen  size 
ratio  of  <5%),  the  value  of  Y for  four-point  bending  has  been  determined  to  be  '1.9 
[Her96],  (In  the  current  study,  the  sample  thicknesses  were  typically  -2  mm  and  therefore 
the  value  of  Y is  valid  for  crack  sizes  less  than  '100  pm.)  if  a fracture  stress  value  of  183 
MPa  and  a fiacture  toughness  value  of  1.7  MPa-m"’  (for  the  dense  60/40  composite 
samples,  as  shown  in  Table  4.14)  are  substituted  in  cq.  (4.5),  the  predicted  value  of  c is -27 
pm.  This  is  in  good  agreement  with  the  depth  of  the  flaws  evident  in  Figures  4.37  and  4.38, 
which  are  in  the  range  of  -25  - 35  pm.  It  is  important  to  note,  however,  that  the  flow 
geometry  is  complex  and  more  rigorous  expressions  of  Y may  be  necessary  for  better 
accuracy  in  the  calculations. 


1.3.  Effect  of  Composition  on  Densification  and  Creep  Bchavio 


The  resulls  pertaining  to  the  compacts  prepared  using  Scries  III  composite 
powders  and  Series  II  85/15  composite  powder  will  be  described  in  this  section.  The 
characterization  of  the  composite  powders  will  be  discussed  in  Section  4.3.1.  This  will 
be  followed  by  a discussion  (Section  4,3.2)  of  the  methods  used  for  the  determination  of 
true  densities  of  composite  powders.  The  analysis  of  results  from  densification  and  creep 
studies  will  be  presented  in  Sections  4.3.3  through  4.3.5.  The  concept  of  "rigidity 
threshold"  in  composite  powder  compacts  will  then  be  introduced  in  Section  4.3,6. 
Section  4.3.7  will  include  the  comparison  of  experimental  data  with  existing  theoretical 
models.  Finally,  an  empirical  model  for  the  densification  of  composite  powder  compacts 
will  be  formulated  in  Section  4.3.8. 

4.3.1.  Characterization  of  Panicles 
Quantitative  microscopy 

Figures  4.39  - 4.41  show  bright  field  TEM  images  of  particles  from  Scries  III 
50/50  and  60/40,  and  Series  II  85/15  composite  powder  batches,  respectively.  Each 
figure  shows  particles  with  two  different  SijNa  core  particle  sizes.  It  is  evident  that  for  a 
given  powder  batch,  the  coating  thickness  is  qualitatively  similar  for  the  two  particles. 

For  each  composite  powder  batch,  coating  thickness  measurements  were  made  on 
15-25  particles  with  a variety  of  core  particle  sizes.  Figures  4.42  - 4.46  show  plots  of  the 


; (eq.  (3.18))  vs. 


Figure  4.39.  Bright-field  TEM  images  of  50/50  microcomposile  particles  with  (A) 
relatively  smaller  and  (B)  relatively  larger  core  particles.  The  coating  thickness  is  ~28nm 
for  both  particles. 
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(cq.  (3.15)),  for  30/70, 


9,  50/50,  60/40,  and  85/15  composite  powders,  respectively. 


It  is  evident  Horn  these  plots  that  for  a given  composite  powder  batch,  the  coating 
thickness  is  nearly  independent  of  the  core  particle  size.  Figure  4.47  shows  a plot  of 
average  coating  thickness  as  a function  of  the  overall  (or  nominal)  concentration”  of  SiOj 
in  the  composite  powder.  As  expected,  the  coating  thickness  increased  for  increasing 
concentrations  of  the  SiO>  coating  phase.  If  D is  the  diameter  of  a spherical  core  particle 
coated  with  a material  of  uniform  thickness  t,  the  volume  fraction  of  the  core  particle  in 
the  composite,  Vt„„,  is  given  by, 

v«it  = (D  / D+2t)J  (4.6) 

Figures  4,48  - 4.52  shows  plots  of  the  area-based  volume  fraction  of  SijN,  in  the 
microcomposite  particle  vs.  the  area-based  SijN4  particle  diameter,  for  30/70,  40/60, 
50/50,  60/40,  and  85/15  composite  powders,  respectively.  The  solid  lines  in  the  plots 
represent  the  values  obtained  by  substituting  the  average  thickness  values  in  Figure  4.47 
into  eq.  (4.6).  The  experimental  data  fitted  very  well  to  the  values  predicted  by  eq.  (4.6) 
as  a consequence  of  the  fact  that  for  a given  powder  batch,  the  thickness  was  nearly 

It  would  be  desirable  to  compare  the  average  compositions  predicted  based  on  the 
QM  measurements  to  the  target  (nominal)  compositions.  The  weighted  average 
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(4.7) 


ZV^.VL 
5”  = ' Ivi, 

where  vOT  is  the  average  volume  fraction  of  the  cores  (SijNi  particles,  in  tire  currenl 
study),  is  the  volume  of  the  composite  particle  i (=r»dc3/6,  where  dc  is  the 
equivalent  composite  particle  diameter  for  particle  i,  obtained  from  eq.  (3.16)),  is 

over  all  the  particles.  Table  4.15  lists  the  calculated  values  of  v^  compared  to  the 
expected  (nominal)  values.  It  is  evident  from  Table  4.15  that  there  is  significant 
deviation  of  the  calculated  values  from  the  expected  values.  This  is  attributed  to  the 
statistical  error  associated  with  the  low  sample  size  (only  15-25  particles)  used  for  the 


Table  4.15.  Comparison  of  Calculated  and  Expected  values  of  vOT  for  Composite 
Powders. 

Powder v„  (calculated)  (expected) 

0.102  0.150 

0.357  0.400 

0.541  0.500 

0.564  0.600 

0.680 0.700 

The  shape  factors  of  the  core  particles  and  the  corresponding  composite  particles 
were  also  determined  (i.e„  using  cqs.  (3.23)  and  (3.24),  respectively).  The  shape  factors 
of  the  core  and  composite  panicles  were  generally  greater  than  unity.  The  shape  factors 


85/15 

50/50 

40/60 

30/70 


of  Ihe  composite  particles  were  lower  (and  closer  to  unity)  than  the  corresponding  core 
particles.  Figures  4.53  - 4.57  show  plots  of  the  percent  reduction  in  shape  factor  vs.  the 
shape  factor  of  the  core  particle  for  30/70.  40/60,  50/50,  60/40,  and  85/15  powders, 
respectively.  It  is  evident  that  the  core  particles  with  higher  shape  factors  (i.e.,  the  more 
irregular-shaped  particles)  undergo  a greater  reduction  in  shape  factor  (i.e.,  the  particles 
become  more  spherical  in  geometry).  In  other  words,  the  coating  process  tends  to  smooth 
off  any  irregular  facets  that  may  be  present  in  the  core  particle".  This  effect  was  less 
pronounced  for  powders  with  overall  SiOj  contents  of  S50  vol%  (i.e.,  30/70,  40/60,  and 
50/50  powders).  This  is  clearly  demonstrated  by  the  combined  plots  for  (1)  30/70, 40/60, 
and  50/50  powders  (Figure  4.58),  and  (2)  60/40  and  85/15  powders  (Figure  4.59), 
respectively.  (For  example,  for  a core  particle  with  a shape  factor  of -1.5,  the  reductions 
in  the  shape  factor  after  coating  are  -13%  for  the  former  set  of  powders  vs.  -23%  for  the 
latter  set)  The  difference  in  shape  factors  between  the  core  and  the  corresponding 
composite  particle  indicates  that  the  coating  thickness  was  not  uniform  within  each 
composite  particle.  As  mentioned  earlier,  the  coating  presumably  "rounds  off"  any 
irregularities  on  the  core  particle  surface  which  implies  that  the  concave  regions  on  the 
core  particle  surface  have  thicker  coatings  than  the  convex  regions. 

The  results  from  the  quantitative  microscopic  analysis  provides  some  insight  to 
the  coating  process.  Since  there  arc  no  concentration  gradients  present  in  the  coating 
solution,  no  long  range  diffusion  processes  exist  in  this  process.  Since  the  environment 
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e.  Recently,  DeHoff  [R.T,  DeHoff,  | 


ation.  1996] 


performed  a simple  simulation  experiment  to  study  geometric  changes  occurring  during 
isotropic  growth.  The  analysis  is  briefly  discussed  below.  The  boundary  of  any  initial 
shape  in  two  dimensions  may  be  described  in  polar  coordinates  by  a radius  function  r(0). 
If  this  radius  increases  isotropically  with  a growth  rate  G(t)  (which  may  be  a function  of 
time  t,  and  not  0),  then  this  adds  to  the  initial  radius  r(0), . o.  The  total  radius  after  time  t 
may  be  expressed  as 

r(®)t-i  - r(0)--o + { GMdt  (4.8) 

integral  is  isotropic,  the  shape  approaches  a circle.  Simulations  [R.T.  DeHoff,  personal 
communication.  1996]  showed  that  when  r(0)  corresponds  a square,  the  geometry  evolves 
into  a circle  after  substantial  growth  had  occurred.  An  analogous  argument  will 
demonstrate  this  result  in  three  dimensions,  i.c.,  any  initial  shape  will  gradually  evolve  to 
a sphere  if  the  growth  b isotropic.  In  the  current  rnvestigation,  the  reduction  in  shape 
factor  ftom  the  core  panicle  to  the  composite  panicle  (i,e„  the  fact  that  the  composite 
panicle  is  more  “spherical"  than  the  corresponding  core  panicle)  may  be  a direct 
consequence  of  the  isotropic  nature  of  the  growth  of  the  SiOj  layer  during  the  coating 
process.  Isotropic  growth  also  results  in  greater  reductions  in  shape  factor  corresponding 

could  explain  the  observation  that  the  reduction  in  shape  factor  was  less  pronounced  in 
samples  with  overall  SiOj  contents  of  <50  vol%  (Figure  4.58)  in  comparison  to  samples 


af  60  and  85  vol%  (Figure  4.59). 


II  is  interesting  to  calculate  "average"  core  panicle  sizes  based  on  the  average 
coaling  thickness  determined  from  the  quantitative  microscopy  and  the  nominal 
compositions.  The  nominal  core  volume  fraction  was  substituted  for  v„„,  and  the 
coating  thickness  values  shown  in  Figure  4.47  were  substituted  for  t,  in  eq.  (4.6).  The 
resulting  value  of  D is  defined  as  the  "average"  core  particle  diameter  and  the  value  of  (D 
+2t)  is  termed  as  the  "average"  composite  particle  diameter,  D'.  Table  4.16  shows  the 
calculated  values  of  D corresponding  to  various  compositions. 


Table  4.16.  Estimated  Values  of  "Average”  Core  Diameter,  D. 


Sample 

«.  (nominal) 

Dfum) 

30/70 

0.70 

0.0119 

0.19 

0.21 

40/60 

0.60 

0.0196 

0.21 

0.25 

50/50 

0.50 

0.0275 

0.21 

0.27 

60/40 

0.40 

0.0376 

0.21 

0.29 

85/15 

0.15 

0,1114 

0.24 
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may  have  contained  some  aggregates.  Another  reason  for  the  difference 
fact  that  the  “average"  diameter  obtained  from  QM  measurements  is  actually  the  diameter 
of  the  core  particle  within  a composite  particle  with  composition  identical  to  the  overall 

be  representative  of  such  a composite  particle  and  therefore,  it  is  not  surprising  that  the 
sizes  determined  using  the  two  methods  are  dissimilar.  However,  it  is  important  to  note 
that,  for  a given  composite  powder  batch,  a composite  particle  corresponding  to  the  core 
particle  with  a size  equal  to  the  “average"  diameter  obtained  form  QM  measurements  is 
representative  of  the  powder  batch,  as  regards  the  overall  composition. 


different  compositions.  These  plots 
measurements  on  each  sample  (the  detai 
Appendix  K).  As  discussed  earlier  (Sec 
to  the  insight  that  the  distribution  curv 
amount  of  the  SiOj  (coating)  phase  is  int 


size  distribution  plots  for  composite  powders  of 
were  made  using  averages  of  two  individual 


Its  from  the  individual  ru 


lion  4. 1 . 1 ) the  results  from  these  plots  are  limited 
cs  generally  shift  to  larger  particle  sizes  as  the 


Surface  area  aqd  pore  size  analysis 

As  indicated  earlier,  two  batches  of  coated  powder  were  prepared  for  each 
composition.  They  are  designated  as  A and  B.  respectively.  Table  4.17  shows  the  results 
from  the  BET  surface  area  measurements. 

The  surface  areas  of  the  composite  powders  were  not  uniform  among  the  two 
batches  of  any  given  composition.  Although  aging  of  the  TEOS  solution  was  found  to 


(%)  awmoA  3Aiivinwno 


STOKES  DIAMETER  (|im) 


i for  the  the  lack  of  reproducibility  of 


the  surface  area  are  not  clearly  understood  yet.  However,  the  high  surface  areas  shown  in 
Table  4.17  can  be  attributed  to  the  presence  of  porosity  in  the  coating. 


Table  4. 1 7.  BET  Specific  Surface  Areas  of  Composite  Powder  Batches. 


Powder  Sample 

SuNi  Lol2 

13 

30/70  A 

46 

30/70  B 

71 

40/60  A 

14 

40/60  B 

41 

50150  A 

32 

50/50  B 

77 

60/40  A 

28 

60/40  B 

27 

85/15 

9 

The  batch  B powders  were  used  for  a more  detailed  study  in  which  the  powders 

time  was  6 h).  The  adsorption  and  desorption  isotherms  for  these  samples  are  shown  in 
Appendix  J.  The  isotherms  exhibit  apparent  characteristics  of  Type  IV  according  to  the 
Branauer-Emmett-Teller  (BET)  classification  [Gre82J.  A characteristic  feature  of  the 

existence  of  porosity  in  the  powders.  Within  a pore,  the  adsorbed  film  acts  as  a nucleus 


given  by  the  Kelvin  equation  (eq.  (3.9)).  In  the  i 


desorplion),  nucleatio 


factor,  i.c.. 


, the  liquid  phase  is  already  present  and 
evaporation  can  occur  spontaneously  from  the  meniscus  (i.e.,  the  adsorbed  film)  as  soon 
as  the  pressure  is  low  enough.  The  differences  in  the  nature  of  the  condensation  and 
evaporation  processes  result  in  the  hysterisis  behavior  [Gre82],  Another  possible 


explanation  is  that  the  SiOj  coating  contains  interlinked  pores  with  an  ink-bottle  type 
structure.  Along  the  adsorption  branch,  condensation  occuis  in  the  bottle  part  when  the 
pressure  reaches  the  value  determined  by  Kelvin's  equation.  However,  an  equivalent 
amount  of  evaporation  does  not  occur  at  the  same  pressure  during  desorption,  since  the 
pore  neck  is  blocked  by  a meniscus.  It  is  interesting  to  compare  the  isotherm  data  with 
the  nitrogen  adsorption  studies  conducted  by  Sun  et  al.  [Sun96].  Sun  et  al.  [Sun96] 
prepared  silica-coated  Q-Fe;Oj  powdets  by  adding  distilled  water  to  a mixture  of  a 
TEOS/cthnnol  solution  and  an  a-Fe^Oj/ethanol  suspension.  The  powders  were  degassed 
at  120°C  for  12h  prior  to  surface  area  measurements  by  nitrogen  gas  adsorption.  These 
powders  showed  hysteresis  isotherms  (Type  IV),  similar  to  those  observed  in  the  current 

the  silica  coating  (Sun96). 

Figures  4.61-4.65  show  the  plots  of  (a)  cumulative  pore  volume  and  (b) 
differential  pore  volume  (dV/dD),  as  functions  of  pore  diameter,  for  composite  powders 


re  size  distributions.  This  may  be  explained  by  the 
t the  coating  and  relatively  coarse  interparticle  pores 
the  powder  sample).  Mercury  porosimetry 
powder  compacts  (e.g..  Figure  4.24)  had  shown 


packing  in 
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Figure  4.61.  Plots  of  (a)  pore  volume  and  (b)  specific  volume  frequency  (dV/dD) 
versus  pore  diameter  obtained  by  nitrogen  gas  adsorption  for  30/70 
SiOj/SijN,  powders  calcined  at  various  temperatures, 
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Figure  4.62.  Plots  of  (a)  pore  volume  and  (b)  specific  volume  frequency  (dV/dD) 
versus  pore  diameter  obtained  by  nitrogen  gas  adsorption  for  40/60 
SiO,/Si,N4  powders  calcined  at  various  temperatures. 
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Figure  4.63.  Plots  of  (a)  pore  volume  and  (b)  specific  volume  frequency  (dV/dD) 
versus  pore  diameter  obtained  by  nitrogen  gas  adsorption  for  SO/SO 
SiOj/SijN,  powders  calcined  at  various  temperatures. 
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Figure  4.64.  Plots  of  (a)  pore  volume  and  (b)  specific  volume  frequency  (dV/dD) 
versus  pore  diameter  obtained  by  nitrogen  gas  adsorption  for  60/40 
SiOj/SijN4  powders  calcined  at  various  temperatures. 


(B/CUI3)  3WmOA  3dOd  Old  loads 


pically  in  the  range  of  ’ 


a.  Therefore,  il  is 


presumed  lhai  ihe  smallest  intcrparticle  pores  (corresponding  to  the  regions  of  densest 
packing)  in  the  powder  samples  used  for  gas  desorption  had  similar  pore  channel  radii. 
Since  the  points  of  inflection,  i.e„  the  minima  (defined  as  8,  the  size  demarcating  the  two 
types  of  pores),  in  the  plots  of  dV/dD  vs.  pore  diameter  were  typically  in  the  range  of  4- 
20  nm,  il  may  be  reasonable  to  assume  that  all  the  pores  with  diameters  less  than  8 are 
associated  with  the  coating  and  that  the  remaining  pores  are  part  of  the  intcrparticle 
porosity.  Since  the  powders  were  loosely  packed  in  the  measuring  cell,  the  packing 

total  pore  volumes,  for  each  sample. 

Table  4.18  shows  the  detailed  summary  of  results  obtained  ftom  the  surface  area 
and  pore  size  measurements  on  powders  calcined  to  different  temperatures.  It  is  evident 

and  micropore  volume)  and  the  BET  specific  surface  area  decrease  as  the  samples  are 
calcined  at  higher  temperatures.  This  indicates  that  the  porosity  in  the  coating  is 
gradually  "sintered  out"  or  eliminated  (presumably  due  to  viscous  flow)  as  the  powder  is 
heated  to  higher  temperatures.  For  the  40/60,  50/50.  and  the  60/40  samples,  negligible 
porosity  (<0.002  cmJ/g)  remained  in  the  coating  after  the  600°C  calcination  treatment.  In 
contrast,  the  30/70  samples  retained  a much  higher  amount  (-0.015  em'/g)  of  porosity 
even  after  calcining  at  800°C.  This  may  be  partly  attributed  to  the  relatively  higher  initial 
(200°C  calcined)  pore  sizes  in  the  30/70  sample  (-200A  for  the  30/70  sample  vs.  -60A 


I -40A  for  the  40/60, 


directly  compared  in  plols  of  specific  pop 


lifferential  pore  volume,  vs.  pore  diameter,  for  the  200°C-calcined  samples  of  diffe: 
©reposition  (Figure  4.66).  It  is  also  evident  from  Figure  4.66  (and  Table  4.18)  that  lo 


values  of8(i.e„  smaller  pore  si: 

res  in  the  coating)  were  observed  for  samples  with  lower 

initial  surface  area.  (8  values  of 

-200  A,  -60A,  and  ~40A,  corresponding  to  BET  surface 

areas  of  71,  38,  and  20  mVg,  \ 

vere  observed  for  the  30/70,  40/60,  and  60/40  samples, 

respectively.)  It  is  interesting  ti 

) note  that  the  value  of  6 for  the  30/70  powder  is  higher 

than  the  coating  thickness  determined  from  quantitative  microscopy  experiments  (~20  nm 


vs.  -12  nm,  respectively).  The. 

efore,  it  is  likely  that  some  of  the  pore  channels  provide 

access  to  the  core  SijN.  partial 

e surface.  (Such  channels  were  not  evident  from  TEM 

observations  presumably  due  u 

> one  or  more  of  the  following  reasons:  (1)  The  pore 

channels  may  be  tortuous,  ie., 

, not  perfectly  parallel,  to  the  electron  beam.  (2)  The 

channel  sizes  may  have  been  to 

o small  to  be  resolved  at  the  magnifications  used  in  this 

study.  (3)  Some  of  the  pore  cl 

rannels  may  have  undergone  some  sintering  under  the 

The  pore  volumes  showr 

i in  Table  4.18  were  used  to  estimate  the  volume  percent 

porosity  in  the  volume  of  the  co, 

nposite  as  well  as  in  the  volume  of  the  coating,  using  the 

procedure  decribed  below.  The 

to  be  the  sum  of  the  specific  v, 

rlume  of  pores  in  the  size  range  of  ~20A  to  6,  and  the 

specific  micropore  volume  (i.e„ 

less  than  -20A).  The  true  densities  of  the  composite 

powders  were  calculated  by  assuming  the  nominal  composition.  The  true  densities  of 


Si02  (coating)  corresponding  to 
were  assumed  to  be  2.08,  2.1 1, 

calcination  temperatures  of  200,  400,  600,  and  800°C 
2.16,  and  2.20  g/cm3,  respectively  (Sac84aJ.  The  true 

2.08,  2.: 
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Figure  4.66.  Plots  of  (a)  pore  volume  and  (b)  specific  volume  frequency  (dV/dD) 
versus  pore  diameter  obtained  by  nitrogen  gas  adsorption  for  30/70, 
40/60,  and  60/40  composite  powders  (calcined  for  ~6h  at  200°C). 


ned  lo  be  3.19  g/cm3  [Bag92].  The  reciprocal 


density  of  SijN«  (core  particles)  was  assum 
of  the  true  densities  of  the  composite  powders  were  calculated  to  obtain  the  total  specific 
solid  volume  (in  cm3/g).  The  specific  volume  of  the  coating  was  then  calculated  from  the 

the  volume  fraction  of  porosity  in  the  coating.  Table  4.19  lists  the  calculated  volume 
percent  porosity  in  the  composite  powders. 


Table  4.19  shows  that  the  30/70  powder  had  a significant  volume  of  porosity  in 
the  coating  (—37%)  after  the  200°C  calcination,  whereas  the  other  composite  powders  had 
much  lower  (<5%)  amounts  of  porosity.  As  expected,  the  volume  fraction  of  pores 
decreased  as  the  calcination  temperature  increased.  However,  the  30/70  powders  retained 
~13  vol%  porosity  in  the  coating,  even  after  calcination  at  800°C.  As  described  in  the 


next  section,  high  pore  volume  fractions  in  the  30/70  composite  powders  play  an 
important  role  in  determining  the  electrokinetic  behavior  of  the  particles. 

Electrophoretic  mobility 

Table  4.20  shows  the  results  from  electrophoretic  mobility  measurements  on  Series 
III  composite  powders  of  different  compositions  at  pH  values  in  the  range  of  -8.0  to  8.7. 
Table  4.21  shows  the  cotresponding  results,  measured  at  pH  values  in  the  range  of  -9.0  - 
9.3,  for  30/70B  powder  calcined  at  temperatures  in  the  range  of 200  - 800°C. 

Table  4.20  shows  that  the  40/60,  50/50,  and  60/40  powders  had  average  zeta 
potential  values  in  the  range  of  -72  - 77  mV  in  the  pH  range  of  8.3  - 8.7.  These  values  are 
consistent  with  the  reported  values  (Tables  4.1  and  4J)  for  Si02  (e.g.,  -61.7  mV  at  pH-7.2) 
and  Series  I 60/40  composite  powders  (e.g.,  -77.0  mV  at  pH~7.8).  In  contrast,  the  30/70 
powders  showed  lower  zeta  potential  values  (—41  - 43  mV  at  pH  in  the  range  of -7.9  - 8.0). 
One  of  the  possible  reasons  for  the  lower  values  is  the  lower  pH  values  used  for  the  30/70 
samples  (-8.0  vs.  -8.3-8. 7 for  the  other  compositions).  However,  as  shown  in  Table  4.21, 
the  zeta  potential  of  the  30/70B  sample  was  only  -43.7  mV  even  at  a pH  value  of -9.1. 

Another  possible  explanation  for  the  low  zeta  potentials  measured  for  the  30/70 

presumably  provides  access  to  the  core  SijN»  particle  surface).  SijN.  is  known  [Mrd92, 
Fub89]  to  strongly  react  with  the  H'  and  OH‘  in  water  leading  to  surface  dissolution.  At 
high  pH  values  (i.e.,  above  the  isoelectric  point  for  SijNj),  it  was  proposed  that  two  types  of 
reactions  occur  (I)  silanol-rclated  surface  reactions  of  the  type  [Mal92] 

(4-9) 


Si-OH 


SiCT  + H* 


Table  4.20.  Electrophoretic  Mobility*  (|r)  and  Zeta  Potential  (C)  Data  for  Series  III 
Composite  Powders  at  pH  Values  in  the  Range  of -8.0  - 8.7. 


Powder  pH  Tl 

30/70  A 7.98  -2.82 

30/70  B 7.93  -2.50 

40/60  A 8.73  -4.44 

40/60  B 8.60  -4.50 

50/50  A 8.68  -4.67 

50/50  B 8.72  -4.52 

60/40  A 8.30  -4.35 

60/40  B 8.40  -4.12 


B1 

-2.78 

-2.57 


-4.26 


B2 average 

-2.54  -2.76*0.1 3 
-2.58  -2.57*0.05 
■4.41  -4.47*0.06 
-4.37  -4.43*0.07 
-4.48  -4.64*0.10 
-4.44  -4.53*0.08 
-4.13  -4,26*0.09 
-4.22  -4.21*0.05 


-41.1 


74.5 

71.9 

71.9 


•T:  top  stationary  level:  B:  bottom  stationary  level.  I : sample  #1.  and  2:  sample  #2. 


Table  4.21.  Results  from  Electrophoretic  Mobility  Mcasi 
Composite  Powders  at  pH  Values  in  the  Range  of -9.0  - 9.3. 


<°C)  pH  Tl  B1 

15  9.06  -2.98  -2.79 

200  9.22  -3.12  -2.92 

400  9.04  -3.94  -3.96 

800  9.31  -4,32  -3,99 


-3.99  -3.98 

-4.25  -4.31 


7s 

average  (mV) 
-2.85*0.08  -43.7 
-3.01*0.10  -46.2 
-3.97*0.02  -66.8 
-4.22*0.13  -71.9 


•T:  top  stationary  1 


2:  sample  #2. 


and  (2)  ammonia  and  amine-related  surface  reactions  such  as  [Mal92] 

SijNH  o SijN"  + H*  (4.10a) 

SfeN,®  + 12HjO(U  o 3H.SiO,|S,  + 4NHj,l,  (4.10b) 

NHjflj  + HjOid  eo  NHt'di  + 0H'a>  (4.10c) 

Bergstrom  and  Pugh  [Ber89)  conducted  leaching  studies  on  the  same  grade  of  SijN<  powder 
as  that  used  in  the  current  study.  They  obtained  a high  value  of  [NH,*]  (0.85  pmol  per  m1 
of  powder)  in  the  solution  after  leaching  with  high  pH  (adjusted  to  >9.0  by  additions  of 
NaOH)  water,  which  clearly  demonstrated  that  the  zeta  potential  was  controlled  by  the 
formation  of  amine  species  as  represented  by  cq.  (4.10),  In  the  30/70  powders  used  for  the 
current  study,  the  amine  species  that  originate  from  the  dissolution  of  the  SijN,  accessible 
to  the  composite  powder  surface  (due  to  the  porosity)  may  have  strongly  influenced  the  zeta 
potentials.  Since  the  zeta  potentials  of  SijNj  were  significantly  lower  than  those  for  Si02 
(e.g.,  -30  vs.  -72  mV,  respectively,  for  pH  —10,  from  Tables  4.1  and  4,2),  lower  zeta 
potentials  were  obtained  for  the  30/70  samples.  Moreover,  since  (as  shown  in  Table  4.19) 
calcination  at  progressively  higher  temperatures  decreased  the  pore  volume  in  the  coating 
and  thereby  presumably  decreased  the  amount  of  "exposed"  SijN«  surface,  the  zeta 
potentials  gradually  increased  to  values  approaching  that  for  SiOj  particles.  In  contrast  to 
the  30/70  powder,  the  other  powders  had  thicker  coatings  and  much  smaller  pore  sizes  and 
pore  volumes  (Table  4.19).  Therefore,  it  is  speculated  that  the  amounts  of  the  "exposed" 
SijNr  surface  in  these  powders  were  not  significant  enough  to  cause  deviations  of  zeta 
potentials  from  the  expected  value  (i.c..  that  of  SiOj). 

Another  possible  explanation  for  the  low  zeta  potentials  of  the  30/70  powders  at  low 
calcination  temperatures  is  based  on  a gel  model  applied  to  the  electrical  double  layer  theory 


from  the 


charge  in  order  lo  preserve 


electroneutrality.  The  counter  charge  consists  of  a diffuse  atmosphere  of  counter  ions  and  a 
compact  layer  of  bound  charge  as  well.  The  surface,  compact,  and  diffuse  layer  charges 
form  the  electrical  double  layer  (EDL)  [Jam87],  The  existence  of  the  EDL  results  in  a 
distribution  of  potential  ranging  from  the  surface  potential,  <p„.  at  the  particle  surface,  lo  a 
value  of  <p  at  any  distance  x from  the  surface.  For  relatively  low  surface  potential  values, 
the  potential,!?,  is  given  by  [Ree88) 

9 - cp0  exp  (-kx)  (4.11) 

where  k is  the  Debye-Huckcl  parameter,  as  defined  by  eq.  (3.12).  It  may  be  recalled  that  the 
zeta  potential  (C,  or  pa)  is  defined  as  the  potential  cotresponding  to  the  plane  formed  by  the 
compact  layer  (called  the  "electrokinetic  shear  plane")  which  is  located  at  a distance  d from 
the  particle  surface  [Ree88].  Therefore  it  follows  from  eq.  (4.1 1)  that 

<Pd  = tp«CXp  (-Kd)  (4.12) 

In  the  gel  model  (Jam87),  the  particle  surface  is  assumed  to  have  a porous  “gel” 
structure  in  which  counter  ions  can  penetrate  thereby  extending  the  diffuse  layer  into  the 
pore  channels.  In  such  a case,  the  outer  surface  of  the  “gel"  serves  as  the  electrokinetic 
shear  plane.  In  order  to  quantitatively  determine  the  resuiting  change  in  zeta  potential,  we 
assume  that  the  shear  plane  is  shifted  by  a distance  i.  away  from  the  particle  surface. 
Therefore  the  corresponding  "apparenf'zcta  potential  q>a'  may  be  written,  from  eq.  (4.1 1),  as 


<pa'  = 9°  exp  (-x  (d+k)] 

It  follows  from  cqs.  (4.12)  and  (4.13)  that 


4.13) 


(4.14) 


Table  4.22  shows  the  calculated  values  of  tpa'Apa  and  the  values  of  ipa'  corresponding 
to  [pa  = 80  mV  and  90  mV  (zeta  potentials  for  SiQi  at  pH  -8  and  -9,  respectively,  as  shown 
in  Figure  4.9),  for  k " 1.04x10*  cm'1  (see  Section  3.2.1  for  details)  and  for  values  of  \ 
ranging  from  0 to  12  nm. 

It  is  clear  from  Table  4.22  that  the  presence  of  pore  channels  on  the  particle  surface 
results  in  significant  decreases  in  the  zeta  potentials.  Since  the  30/70  powder  had 
significant  amount  of  relatively  large  pores,  the  relatively  low  zeta  potential  values  can  be 
partly  attributed  to  the  extension  of  the  diffiise  counter  ion  layer  into  the  pore  channels.  For 
example,  if  the  pore  channels  cause  an  effective  shift  in  the  shear  plane  of  ~6  nm,  the 
expected  zeta  potential  is  -49  mV  at  pH  -9.0.  Upon  heat-treatment  at  progressively  higher 
temperatures,  the  pore  channels  decrease  in  size  and  volume,  thereby  leading  to  gradual 
increases  in  zeta  potentials  (Table  4,21).  In  contrast  to  the  30/70  powder,  the  other 
composite  powders  contain  much  lower  sizes  and  volumes  of  porosity  in  the  coating. 
Therefore,  it  is  possible  that  the  effective  shift  in  shear  plane  is  negligible  for  these  powders, 
thereby  resulting  in  zeta  potentials  similar  to  that  obtained  for  SiC>!  powder.  It  is  important 
to  note  that  eq.  (4.12)  is  a relatively  simplistic  representation  of  the  potential  distribution 
and  that  it  is  valid  only  for  low  surface  potentials  (typically  £ 25m V)  [Jam87].  It  may  be 
necessary  to  use  more  exact  expressions  for  the  potential  decay  with  distance  from  the 
panicle  surface,  and  to  conduct  potentiometric  titration  experiments  to  determine  the 


sly  analyze  the  effect 


Table  4.22.  Calculated  Values  of  (pa  for  Different  Values  of  the  Shill  in  Shear  Plane  (k). 


\ (nm)  fj  / cpd  vi  (mV)  (mV) 

I for  mV| [for<pj=90mV1 

0 1.00  80 

3 0.73  59 

6 0.54  43 

9 0J9  31 

12 029 23_ 


X-Ray  photoelectron  spectroscopy  (XPS)  analysis 

Figure  4.67  - 4.71  show  XPS  plots  of  Lot2  SijN,, 30/70. 40/60,  50/50,  and  60/40 
powders,  respectively  (see  Appendix  I for  full-scale  plots).  As  seen  in  Section  4.1.1,  no 
nitrogen  peaks  were  observed  for  the  composite  powder  samples  indicating  that  the  first 
-20  A of  the  surface  contains  SiOa-  (As  noted  earlier,  the  secondary  peaks  adjacent  to  the 
main  element  peaks  are  satellite  peaks  which  are  characteristic  of  the  XPS  technique 
[Bar93].)  Since  the  analysis  depth  is  less  than  the  smallest  coating  thickness  (-12  nm  for 
30/70  powders),  this  method  is  not  sufficient  to  study  the  extent  of  surface  coverage  by 
the  coating.  (For  example,  the  presence  of  pore  channels  exposing  the  surface  of  the 
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Table  4.23  shows  the  calculated  values  of  the  weight  of  leached  SiOj  (Wj)  from 
the  ICP  measurements. 

In  order  to  calculate  the  weights  of  the  different  components  (see  Section  3.2. 1 ) in 
the  composite  powder,  eq.  (3.25)  was  used.  Fiist,  the  values  of  f«,  = 0.0168  and  fsSN  « 
0.0298  (see  Section  3.2.1)  were  inserted  into  eq.  (3.25)  to  obtain  eq.  (4.15): 

WT  - 1.029(Wsn  + 1.0171  (W,-0.0298Wsn)  (4.15) 

Therefore 

WT-  14)171  Wj  = 0.9995Wsn  or, 

WSN=  (Wr-1.0171W3y0.9995  (4.16) 

The  weight  of  SiO;  in  the  core  powder  can  be  written  using  eq.  (3.23)  as 

Ws5"  * 0.0298 Wsn  (4.17) 

The  weight  of  TEOS-derived  SiOs  may  be  expressed  using  eq.  (3.24)  as 

Wss  = Wj  - 0.0298Wsn  (4.18) 

Finally,  the  weight  of  OH  groups  in  the  TEOS-derived  Si02  (i.e.,  the  coating)  is  given, 
using  eq.  (3.23),  by 

Won  = 0.0171WSS  (4.19) 

(4.19).  The  weight  fraction  of  these  components  were  calculated  using  eqs.  (3.26)-(3.29) 
and  the  resulting  values  are  listed  in  Table  4.25. 

It  would  be  instructive  to  calculate  the  volume  percent  of  the  different 
components  in  order  to  compare  with  the  nominal  values.  The  nominal  (estimated) 
values  were  based  on  the  volume  percent  of  the  core  particles 


(i.e„  including  the  SiOj  in 


Tabic  4,23.  Summary  of  Results  fromICP  Analysis 


Powder  Total  Weight 

WT<E> 

30/70  0.25122 

0.25051 

40/60  0.23059 

0.19943 

50/50  0.25045 

60/40  0.24178 

0.25146 

85/15  0.24980 

0.25132 


ppm  Si  in  SiOj  Weight 


27  0.04889 

39  0.07002 

33  0.05812 

56  0.09688 

52  0.09443 

64  0.11752 

67  0.12073 

108  0.19897 

103  0.18992 


Table  4.24.  Calculated  Weights  of  Different  Components  in  the  Composite  Powders. 


of  TEOS-derived  SiO;  in  the  OH-free  composite 


(i.e„  the  TEOS-derived  SiO;)  were  determined  from  the  weight  percent  values  (Table 
4.25)  by  assuming  their  true  densities  to  be  3.19  and  2.20  g/cm3,  respectively.  (The  true 
density  of  the  SiOj  in  the  powders  used  for  ICP  analysis  is  2.15  g/cm3,  corresponding  to  a 
450°C  heat  treatment  [Sac84aj.  However,  since  the  nominal  compositions  of  the 
composite  powders  were  determined  by  assuming  the  true  density  of  SiOr  to  be  2.20 
g/cm3,  which  corresponds  to  heat  treatment  temperatures  2800"C  [Sac84a],  it  is 
reasonable  to  assume  the  same  value  for  the  calculation  of  volume  tractions  from  ICP 

corresponding  to  high  heat  treatment  temperatures,  i.e.,  2.20  g/cm3.)  The  volume  percent 
of  SijNa  phase  was  calculated  from  the  weight  percent  by  assuming  the  true  density  of  the 
Si]N<  to  be  3.21  g/cm3.  Table  4.26  lists  the  volume  percent  of  the  core  panicles  and  the 


Table  4.26  sho 


calculated  vol%  cores 


tat  the  calculated  values  of  vol%  core  particles  were  slightly 
alucs.  The  possible  reasons  for  this  deviation  include:  (1) 
i02  in  the  ICP  experiments.  (2)  Errors  in  the  assumed  values 

Id  also  be  higher  than  the  nominal  value.)  (3)  Errors  in  the 
item  in  the  TEOS-derived  SiO;.  (If  the  assumed  values  are 
intent,  higher  vo!%  of  cores  would  be  obtained.)  (4)  Some  of 


sf  OH 


4.25.  Calculated  Weigh!  Pc 


the  formation 


Sift 


4.3.2  Estimation  of  Composite  True  Densities 

In  order  to  determine  the  composite  relative  densities,  true  densities  of  the  samples 
are  desired.  Three  different  methods  were  used  to  estimate  the  true  density  values.  In  the 
first  method  (Method  I),  the  average  volume  ratios  of  the  components  (i.e„  SijN<  and  Sift) 
determined  by  ICP  measurements  were  used.  (The  average  of  the  two  individual  values  for 
each  composition  given  in  Table  4.26  were  used.)  As  explained  in  the  previous  section, 
densities  of  Sift  and  SijN,  were  assumed  to  be  2.20  g/cmJ  and  3.21  g/cm\  respectively. 

In  method  II,  the  apparent  densities  of 800°C  pre-sinlercd  samples  were  used”.  The 
apparent  densities  of  the  pre-sintcred  samples  will  be  equal  to  the  powder  true  density 
values  assuming  that  there  is  no  closed  porosity  in  the  samples.  In  Method  III,  the 
maximum  apparent  density  value  obtained  from  sintering  experiments  (Tables  E-Vm  - E- 
XII  in  Appendix  E and  Table  4.31)  is  considered  to  be  the  powder  true  density.  Table  4.27 
shows  the  density  values  estimated  from  the  aforementioned  methods. 


>le  4.27.  Estimated  Po 


30/70 

40/60 


85/15 
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2.36 


35 


The  powder  density  values  determined  using  ICP  (Method  I)  and  the  maximum 
apparent  densities  (Method  III)  are  in  reasonable  agreement  with  each  other.  However,  the 
corresponding  apparent  density  values  (Method  II)  determined  on  the  green  samples  were 
slightly  (-1-2  %)  lower.  This  may  be  attributed  to  the  presence  of  hydroxyl  groups  in  the 
SiOr  coating.  Sacks  cl  al.  [Sac84a]  have  reported  powder  true  density  measurements  for 
SiOt  particles  prepared  by  the  method  of  Stober  ct  al.  [Sto68J.  The  as-prepared  powder 
had  a true  density  of -2.05  g/cm!  and  the  density  increased  to  -2.20  g/cm3  (similar  values 
are  usually  reported  for  fused  SiOj  [Ilc79])  as  the  powder  was  calcined  for  24  h at  800°C. 
This  increase  was  attributed  to  the  removal  of  chemically  bonded  water  (i.e..  hydroxyl 

contain  hydroxyl  groups  which  may  not  have  been  completely  eliminated  after  heating  for 
2h  at  800°C.  The  dchydroxylation  process  strongly  depends  on  composition  (i.e.,  the 
amount  of  SiOj  coating)  and  heat-treatment  conditions  <c,g„  heating  rate,  isothermal 


nplicated. 


slight  (-1-2%) . 


experiments,  and  at  lower  hold  times  for  the  isothermal  sintering  experiments.  However, 
the  error  reduces  gradually  as  the  densificalion  occurs, 

4.3.3.  Constant  Heating  Rale  1CHR)  Sintering  Studies 

the  range  of  40-70  vol%  (i.e..  60-30  vol%  Si02)  by  heating  at  -1  l°C/min  to  ~1500°C  in 
the  dilatomeler.  Figure  4.72  shows  the  plots  of  bulk  density  vs.  temperature  for  the 
SiO;/Si,N,  compacts.  The  final  sintered  densities  were  also  determined  using  the 
Archimedes  method  with  water  as  the  medium.  Table  4,28  shows  the  results  ftom  these 
measurements  compared  with  those  obtained  using  dilatometry. 

It  is  evident  from  Table  4.28  that  the  bulk  density  values  determined  using 
dilatometry  were  slightly  (0  - 2%)  lower  than  those  obtained  using  the  Archimedes  method. 
These  differences  may  be  attributed  to  the  fact  that  the  dilatometry  data  was  collected 
immediately  preceding  the  cooling  step.  ie„  this  data  did  not  account  for  the  slight 
densincation  that  occurred  during  the  cooling  step  (i.e..  when  the  firmace  temperature 
reduced  from  -1500°C  to  room  temperature,  which  typically  occurred  in  -1  h).  For 
example,  the  bulk  density  of  the  30/70  samples  increased  from  -2.02  to  -2.07  g/cm1  when 
heated  from  -1350  to  ~1S00°C  (Figure  4.72).  This  corresponds  to  a significant  (-2.5%) 
increase  in  density  during  the  final  -15  min  (corresponding  to  a heating  rate  of-1  l°C/min 
and  temperature  range  of-lSO'C)  of  the  heating.  It  may  be  reasonable  to  conclude  that 


BULK  DENSITY  (g/cmJ) 


at-irOmin. 


dcnstficalion  was  assumed  lo  occur  during  cooling,  the  expected  sample  density  is  - 2.12 
g/cmJ  which  is  in  good  agreement  with  the  measured  Archimedes  density  values. 


Table  4.28.  Table  of  Sintered  Densities  Determined  by  Dilatometry  and  by  Archimedes 
Measurements.  Samples  were  Healed  at  -1  l°C/min  to  -1 500°C. 


02 


30/70b  0 


40/60a  #1 
#2 

40/60b  SI 
02 

50/50a  #1 
#2 

50/S0b  #1 
02 


60/40a  01 
02 


Archimedes  Method 

Piwtt  (g/cm3)  %O.P.  p»ww  (g/cm3) 

2.116  26.9  2.897 

2.115  27.0  2.892 

2.103  27.8  2.911 

2.105  27.7  2.908 

2.312  17.7  2.809 

2304  17.5  2.793 

2307  18.0  2.813 

2.298  17.8  2.795 

2.560  0 3 2,568 

2.554  02  2.558 

2.586  0*2  2.591 

2.579  03  2.583 

2.602  0.1  2.605 

2.597  0.3  2.604 

2 600  0 3 2.607 

2.595 03 2.600 


2.074 

2.295 

2.288 

2.534 


2.593 

2.604 


! density  values  listed  in  Table  4.27  (Method  III)  ■ 


relative  densities  as  functions  of  temperature  (Figure  4.73).  The  corresponding 
densification  rates  were  also  calculated  and  plotted  as  junctions  of  temperature  (Figure 
4.74).  The  temperatures  corresponding  to  the  rate  maxima  in  Figure  4.74  are  listed  in  Table 
429. 

Table  4.29.  List  of  Temperatures  (T™,)  Corresponding  to  the  Densification  Rate  Maxima 
in  the  Plots  Shown  in  Figure  4.74. 


SiOj/SijN. 

30/70 

40/60 

1260 

50/50 

1274 

60/40 

1258 

Figure  4.73  shows  that  the  samples  containing  40  vol%  SijN.  sintered  to  nearly  lull 
density  (i.e.,  no  residual  porosity)  at  ~I500°C.  In  contrast,  the  samples  with  50.  60,  and 
70V.  SijN.  reached  relative  densities  of  -95%,  -82%,  and  -72%,  respectively,  after 

are  vety  low  (<0.25  x lO^  s'1)  at  ~1500”C,  indicating  that  almost  no  firnher  densification 
is  expected  to  occur  upon  heating  these  samples  at  higher  temperatures.  The  decrease  in 

forming  rigid  networks  at  the  higher  volume 


fractions.  The 
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Figure4.73.  Plots  of  relative  density  vs.  temperature  for  SiOg/Si^Nj  samples 
heated  at  -1  l°C/min. 
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healed  at  ~1  l°C/min. 


crature  for  SiO/Si,N,  samples 


phase  is  redistributed  during  sintering.  A contiguous  particle  network  will  form  prior  to 
complete  densification  if  the  core  volume  fraction  is  above  a critical  threshold  value". 

dcnsification  of  60/40  compacts.  Figure  4.75  shows  plots  of  relative  density  vs. 
temperature  for  samples  healed  at  three  heating  rates,  viz.,  ~6°C/min,  ~ll°C/min,  and 
~l9°C/min.  (For  clarity,  the  results  corresponding  only  to  the  temperature  range  of  1000- 
1500°C  are  shown.)  The  corresponding  plots  of  dcnsification  rate  vs.  temperature  are 
shown  in  Figure  4.76.  Eq.  (3.45)  was  applied  to  the  data  in  Figures  4.75  and  4.76  in  the 
following  way.  Four  different  values  of  composite  relative  density,  viz,  70%,  75%,  82%, 
and  87%  were  arbitrarily  chosen  for  activation  energy  calculations.  For  each  density 
level,  three  values  of  densification  rate  and  the  corresponding  temperatures  were  obtained 
at  the  three  heating  rates.  These  three  values  were  fitted  to  eq,  (3.45)  and  the  resulting 
Arrhenius  plots  are  shown  in  Figure  4.77.  The  calculated  values  of  activation  energy  at 
the  four  density  levels  are  listed  in  Table  4.30. 


Table  4.30.  Activation  Energy  Estimates  for  Densification  of 60/40  SiOj/SijK,  Samples. 
Relative  Density  Activation  Energy  (kJ/mnll 


583  ±29 


(%)  AJ.ISN3Q  3ALLVnaa  HilSOdWOO 


TEMPERATURE  (°C) 


[(S/X  r0l)  1 ■ lP/dP  ] U| 


1/T  (10-*/K) 


nergy  of  583  ± 29  kJ/mol  is  comparable  bol  slightly 


higher  than  reported  values  (510  kJ/mol)  for  viscous  flow  of  fused  Si02  with  high 
hydroxyl  concentration  [Het64|.  It  is  also  slightly  higher  than  values  (506  - 543  kJ/mol) 
reported  for  amorphous  SiO;  samples  prepared  using  powders  formed  by 
hydrolysis'condensation  of  TEOS  [Sac84b,  Vor90).  Since  the  SiOj  in  the  60/40 

The  difference  in  the  activation  energies  may  be  explained  as  follows.  The  samples  used 
for  dilatometty  were  pre-sintered  at  800“C  (2  h)  which  is  a higher  temperature  than  those 
used  by  Sacks  and  Tseng  [Sac84b)  (500°C,  1 h)  and  Vora  [Vor90]  (700°C,  6 h). 
Furthermore,  the  former  samples  were  heat-treated  in  nitrogen  while  the  latter  two  types 
of  compacts  were  heated  in  ambient  air  atmosphere,  which  contained  relatively  larger 
concentrations  of  moisture.  Finally,  the  sintering  temperatures  used  in  this  study  were 
significantly  higher  (1500°C  vs.  950-1 150°C.  respectively).  Therefore  it  is  reasonable  to 

hydroxyl  groups.  Since  it  has  been  shown  (Hel64)  that  the  activation  energy  for  viscous 
flow  of  SiO;  increases  with  reducing  hydroxyl  concentration,  a higher  value  of  activation 
energy  was  obtained  in  the  current  investigation.  (The  effect  of  hydroxyl  content  on 
activation  energy  of  firsed  SiO;  was  investigated  by  Hcthrington  et  al.  (Het64).  For 
example,  they  showed  that  the  activation  energy  for  viscous  flow  of  (used  SiO;  increased 
from  -509  to  -71 1 kJ/mol  as  the  hydroxyl  content  decreased 


I from  0.12  to  0.0003  wt%.) 


i flow  of  the  S1O2 1 


It  is  apparent  from  the  activation 
powder  compacts  is  controlled  by  I 


The  effect  of  composition  on  densifleation  was  investigated  using  Series  III 
SiOVSiiN*  composite  powder  compacts  with  SijN4  contents  in  the  range  of  15-70  vol% 
(i.e.,  85-30  vol%  SiO’).  The  compacts  were  densified  in  nitrogen  under  isothermal 
conditions  at  1225°C.  Figures  4.78  and  4.79  show  plots  of  bulk  density  vs.  time  and 
percentage  open  porosity  vs.  time,  respectively,  for  compacts  with  SijN<  contents  in  the 
range  of  40-70  vol%.  Figures  4.80  and  4.81  show  the  corresponding  plots  for  batch  3 
Si02  compacts.  Series  II  SiOj/SijN,  composite  powder  compacts  with  15  vol%  SijN4, 
and  SiOi+SijN*  mixed  powder  compacts  with  15  vol%  SijN«.  (Samples  were  heated 
isothcrmally  at  1225°C.)  Table  4.31  summarizes  the  particle  sizes,  pre-sintering 
conditions,  and  green  compact  densities  of  these  compacts.  Figures  4.82  and  4.83  show 

the  ranges  of  0-1440  min  and  0-600  min,  respectively.  Figure  4.84  shows  the  plots  of 
relative  density  vs.  sintering  time  for  the  SiO;  compacts,  85/15  compacts,  and  SiOj+SijN, 
mixed  powder  compacts  with  15  vol%  SijN«.  Composite  powder  samples  containing  1 5 
and  40  vol%  S13N4  could  be  sintered  to  ~100%  relative  density  after  heat  treatment  at 
I225°C  for -150  min  and  '600  min,  respectively.  In  contrast,  samples  with  50,  60,  and 
70  vol%  SijN,  reached  relative  densities  of  only  -93%,  -81%,  and  -71%  after  sintering 


for -1440  min  at  the  t 


(%)  AllSOdOd  N3dO 
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(%)  A1ISN3Q  3AU.Vn3a  31ISOdlNOO 
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Table  4.31 . Summary  of  Particle  Sizes.  Pre-sintering  Conditions,  and  .Pre-sintered 
Densities  for  SiO?  compacts.  85/15  SiOySijN*  composite  powder  compacts  and 
SiOi+SijNj  mixed  powder  compacts  with  15  vol%  SijN,. 


Median  Stokes 
Diameter  (pm) 


-85  vol%  SiOj  + -15  vol% 
SijN,  Mixed  Powder 
Compact 


Table  4.32.  Density  Results  for  Samples  Heated  at  1 500°C  for  2 h. 

Sample  Pb.ii  (g/cm’l  % O.P.  p^,  (g/cm3)  Relative  Density  (%) 
30/70  #1  2.097  28.3  2.923  -72 

« 2.088  28.9  2.923 


19.0  2.820 

192  2.823 


50/50  «1 


#2 


Some  pre-simercd  (800°C,  2 h)  sample 


i healed  to  1500°C  (at  S°C/min)  in 


densities  were  similar  or  slightly  higher  ('97%,  ~81%,  and  -72%,  respectively,  for 
samples  with  50,  60,  and  70  vol%  Si,Nj)  compared  to  the  corresponding  values  (i.e., 
-93%,  -81%,  and  -71%,  respectively)  for  samples  sintered  at  1225°C  for  1440  min  (24 
h).  Therefore  the  densities  listed  in  Table  4.32  can  be  regarded  as  the  maximum  sintered 
densities.  Figure  4.85  shows  a plot  of  maximum  relative  density  after  sintering  as  a 
function  of  the  SijNr  volume  percent.  The  decrease  in  maximum  density  with  increasing 
SijN.  content  is  consistent  with  the  results  from  the  CHR  experiments  (Figure  4.73).  It 
indicates  that  the  Si3Na  particles  were  forming  rigid  networks  at  higher  volume  fractions. 

powder  compact  shrinks  and  the  matrix  phase  is  redistributed  during  sintering.  A 
contiguous  particle  network  will  form  prior  to  complete  densification  if  the  core  particle 
fraction  exceeds  a critical  threshold  value.  The  network  is  established  at  decreasing 
composite  relative  densities  (i.e.,  higher  residual  porosities)  as  the  matrix/core  volume 
ratio  decreases.  The  rigidity  of  the  network  is  indicated  by  the  observation  that  there  is 
little  change  in  the  relative  densities  upon  increasing  the  sintering  temperature  ftom 
1225°C  to  1500°C. 

Figure  4.86  shows  the  XRD  plots  in  the  26  range  of  18°  - 24°  for  composite 


spies  sintered  at  1500°C  for  2 h.  The  crystalline  peaks  in 


(%)  A1ISN3Q  Q3U31NIS  WflWIXVW 


18  20  22  24  26 


28  (Degrees) 

Figure  4.86.  XRD  plots  for  SiO;/Si3NJ  composite  powder  compacts  heated  at  5°C/min  to 

1500°C  and  soaked  for  2h.  The  crystalline  peaks  (marked  a)  far  all  the  samples 
correspond  to  a-Si,N4. 


correspond  lo  o-SijNj.  The  absence  of  any  cristobalilc  peak  (corresponding  to  29  - 22°) 
indicates  that  the  SiO;  phase  was  amorphous.  Previous  studies  |Sac84a,  VortO)  have 
shown  that  amorphous  SiO;  devitrifics  to  form  cristobalite  at  relatively  low  (SI200“C) 
temperatures.  Therefore  it  is  interesting  that  the  SiO;  present  in  the  composite  powders 
docs  not  undergo  any  crystallization  even  at  temperatures  as  high  as  1500'C.  It  is  also 
interesting  to  compare  the  result  with  the  study  conducted  by  Zeng  et  al.  [Zen92]  on 
SiO;+Si;N;  (with  -14-38  vol%  SiO;)  mixed  powder  compacts.  They  reported  (based  on 
XRD  observations  which  were  not  illustrated  in  the  publication)  that  the  SiO;  phase 
remained  amorphous  even  after  the  compacts  were  hot-isostatically  pressed  at 
temperatures  in  the  range  of  1 800  - 2000”C.  However,  these  temperatures  are  higher  than 
the  melting  point  of  SiO;  and  therefore  it  may  not  be  appropriate  to  compare  the 
crystallization  behavior  with  that  reported  in  the  current  study.  Wusirika  [Wus90] 
introduced  0-24  wt%  nitrogen  into  vitreous  SiO;  by  reacting  fumed  silica  and  ammonia  at 
600-I200“C.  The  nitrided  powders  were  hot-pressed  in  nitrogen  at  temperatures  in  the 
range  of  1550  - 1650°C.  It  was  found  that  while  samples  with  0-1  wt%  nitrogen 
crystallized  to  cristobalite.  samples  with  2-10w!%  nitrogen  were  stable  against 
devitrification,  even  at  1650“C.  It  is  possible  that  the  small  amounts  of  nitrogen 

inhibitor.  Detailed  elemental  analysis  (such  as  EDS  coupled  with  a high-resolution  TEM) 
on  sintered  compacts  may  be  necessary  to  confirm  this  hypothesis.  Another  possible 
explanation  for  the  absence  of  crystallization  is  that  the  "rigid”  Si3N<  phase  constrains  the 
volumetric  shrinkage  in  the  SiO;  phase  associated  with  the  crystallization  reaction.  (The 


orphous  S1O2  to  2.32  g/cmJ  fo 


[Ile79].)  It  is  also  interesting  to  compare  the  results  with  the  studies  conducted  by  Wang 
[K.  Wang  and  M.D.  Sacks,  personal  communication,  1996)  using  amorphous  SiOj/a- 

temperatures  in  the  range  of  1300  - I350°C  (2  h).  It  was  also  observed  that  some  of  the 
AljOj  dissolved  in  the  SiOi  phase  at  relatively  low  temperatures  (<  1375°C)  [K.  Wang 
and  M.D.  Sacks,  personal  communication.  1996).  Since  the  presence  of  Al.'3  ions  in  the 
SiOj  can  enhance  crystallization  (Bro59),  it  was  speculated  that  the  devitrification  was 
partly  a consequence  of  the  dissolution  process.  It  is  noted,  however,  that  the 
crystallization  temperatures  in  these  compacts  were  still  higher  than  those  reported  for 
pure  SiO;  [Vor90],  the  reasons  for  which  have  not  yet  been  established. 

The  relative  density  vs.  time  data  for  selected  samples  (Si02  compacts  and 
composite  powder  compacts  with  15. 40.  and  50  vol%  Si,N,)  was  fitted  to  smooth  curves 
using  a non-linear  regression  algorithm”.  Analytical  differentiation  was  performed  using 
the  algorithm  to  obtain  densification  rates  corresponding  to  each  sample.  Plots  of 
densification  rate  vs.  matrix  relative  density  for  these  samples  are  shown  in  Figure  4.87. 
The  densification  rates  fall  off  rapidly  with  increasing  densities.  It  can  also  be  seen  from 
Figure  4.87  that  samples  containing  higher  volume  fractions  of  SijN,  show  lower 
densification  rales.  This  indicates  that  the  inclusion  interactions,  which  lead  to  reduction 
m densification  rates,  are  more  pronounced  in  samples  with  higher  volume  fractions  of 
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of  eq.  (4.23))  for  1 


strain  rates  were  then  substituted  into  eq.  (4.23)  to  calculate  the  value  of  the  normalized 
hydrostatic  stress  in  the  matrix  (oJT)-  These  calculations  were  performed  for  four 
samples,  the  Si02/Si3N4  composite  powder  compacts  with  15,  40,  and  50  vol%  SijNi, 
respectively,  and  the  SiOz+SiyNa  mixed  powder  compacts  with  15  vol%  Si3N4. 
(Composite  densification  rates  for  the  mixed  powder  compact  was  obtained  by  the  same 
procedure  as  that  used  for  the  composite  powder  compacts.)  Figure  4.88  shows  the  plots 
of  normalized  hydrostatic  stress  in  the  matrix  (On/£)  vs.  matrix  relative  density  (Pn,)  for 

interactions  increase  as  the  particles  approach  each  other  during  densification.  For  the 
same  reason,  higher  values  of  aJZ  are  observed  for  samples  containing  higher  volume 
fractions  of  inclusions.  (For  example,  at  a matrix  density  of  -70%,  oJL  was  calculated 
to  be  -0.22,  -0.77,  and  -0.96  for  samples  with  15, 40.  and  50  vol%  SijN,,  respectively.) 

The  effect  of  spatial  distribution  of  the  phases  on  the  inclusion  interactions  was 
studied  by  comparing  the  plots  of  aJZ  vs.  p„  for  composite  powder  compacts  with  15 
and  40  vol%  Si3N4,  respectively,  and  mixed  powder  compacts  with  15  vol%  Si3N4 
(Figure  4.89).  For  samples  containing  15  vol%  Si3N4,  the  hydrostatic  stresses  in  the 
matrix  were  higher  for  the  mixed  powder  compact  compared  to  those  estimated  for  the 
composite  powder  compact.  This  is  consistent  with  the  results  described  in  Section  4.1.2 
which  demonstrated  that  densification  was  retarded  for  60/40  SiOj/Si3N4  mixed  powder 
compacts  (compared  to  60/40  SiC>2/Si3N4  composite  powder  compacts)  due  to  the 
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able  Si3N4  particles.  Similar  retardation  in 
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densification  was  observed  for  ihc  mixed  compacts  (vs.  composite  powder  compacts) 
prepared  with  15  vol%  SijNi  (Figure  4.80).  The  high  stresses  associated  with  the 
formation  of  these  networks  results  in  increased  (WE  values  for  the  mixed  powder 
compacts.  It  is  interesting  to  note  that  <WE  values  for  mixed  powder  compacts  with  only 
I S vol%  Si;,N4  was  almost  comparable  to  the  corresponding  values  for  composite  powder 
compacts  with  40  vol%  SijNj.  This  clearly  demonstrates  the  advantage  of  using  the 
composite  powder  approach  in  order  to  reduce  inclusion  interactions  and  to  enhance  the 
densification  behavior. 

Microcompositc  powder  compacts  which  sinter  to  full  density  develop 
microstructures  with  minimal  Si3N4  particle-particle  contacts.  This  is  illustrated  in 
Figures  4.90  (A)  and  4.90  (B)  for  samples  containing  1 5 and  40  vol%  SijNr,  respectively. 
Particle-particle  contacts  arc  more  common  in  the  sample  with  50  vol%  Si3N<  (Figure 
4.90  (C)),  but  the  microstructure  still  shows  mostly  isolated  SijN<  particles.  This  is 
consistent  with  the  high  relative  density  (-93%)  obtained  for  this  sample.  In  contrast,  the 

4.90  (D))  which  is  consistent  with  the  lower  relative  density  (-81%).  High-resolution 
microscopy  (HRTEM)  was  performed  to  examine  the  nature  of  these  contacts.  A 40/60 
sample  sintered  at  1400°C  for  2 h was  used  for  the  analysis.  Figure  4.91  shows  a thin 
layer  (-5  nm)  of  amorphous  SiC>2  situated  between  adjacent  SijN*  particles.  This  type  of 
amorphous  layer  was  typical  throughout  the  microstructurc.  In  addition,  pure  Si3N4 
particle-particle  contacts  or  groin  boundaries  were  not  evident  in  the  microstructurc1®. 


'®  Approximately  1 5 fields  e 


Figure  4,90.  SEM  micrographs  of  polished  and  etched  samples  prepared  from  composite 
powders  with  different  SiO;/SijN4  volume  ratios:  (A)  85/15,  (B)  60/40,  (C)  50/50.  and 
(D)  40/60.  Samples  were  sintered  at  1225"C  for  24h. 


4.90.  (continued). 


Figure  4.91.  High-resolution  trasmission  electron  micrograph  of  a 40/60  sample  sintered 
at  1400°C  for  2 h.  The  lattice  fringes  depict  adjacent  SijN,  panicles  while  the  thin  (-5 
nm)  layer  separating  the  two  panicles  is  amorphous  SiO;. 


Since  (he  corresponding  SEM  microstnicture  (Figure  4.90  (D))  showed  apparent  SijN. 
particle-particle  contacts,  it  follows  from  the  HRTEM  analysis  that  the  thin  amorphous 
SiOj  layers  could  not  be  resolved  by  observing  etched  samples  under  the  SEM.  The 
presence  of  such  amorphous  layers  is  consistent  with  a theoretical  analysis  by  Lange 
[Lan82].  This  analysis  applied  a theory,  developed  for  plates  that  sandwich  a liquid  layer, 
to  spherical  particles  which  undergo  liquid-phase  sintering.  The  study  showed  that 
although  the  thickness  of  the  liquid  layer  reduces  with  time,  a finite  thickness  will  always 
remain  if  the  liquid  perfectly  wets  the  solid. 

Quantitative  microscopy  was  used  to  estimate  volume  fractions  of  phases  (i.e, 
porosity,  SiO;,  and  SijN.)  and  average  SijNj  intercept  sizes  on  samples  sintered  at  1225°C 
for  1440  min  (i.e.,  sintered  to  nearly  the  maximum  relative  density).  Table  4.33  draws  the 


Table  4.33.  Results  from  Quantitative  Microscopy  on  Sintered  (1225°C-24h)  Samples. 


40/60  50/50  60/40  85/15 


SijN4  Intercept  Size  (pm)  0.213*0.138  0.185*0.128  0.150*0.089  0.143*0,090 

Inclusion  Volume%  53.9  50.3  42.0  15.4 

Matrix  Voluroe%  28.4  44.1  58.0  84.6 

Pore  Volume%  17.7  5.6  -0  -0 

Volume%  SirNj  in  Solids  65  53  42  15 


For  samples  with  15  and  40  vol%  SijN«.  the  microstructures  reveal  minimal 
particle-particle  contacts.  Therefore  the  intercept  sizes  measured  for  the  two  samples  are 
almost  identical  (0.14  pm  and  0.15  pm,  respectively)  and  the  measured  volume  fractions 


of  SiOj 


samples  wiih  50  and  60%  SijN,  were  higher  (0.19  pm  and  0.21  pm.  respectively).  As 
indicated  earlier,  for  samples  with  > 50  vol%  SijN*  (in  the  solid  volume),  there  exist 
regions  of  the  microstructure  containing  thin  layers  of  SiOa  between  adjacent  SijN* 
particles  which  cannot  be  resolved  by  the  SEM.  Consequently,  some  clusters  of  such 

"apparent"  intercept  size.  Furthermore,  it  also  results  in  erroneously  higher  values  of  the 
measured  volume  fractions  of  SijN4  (53  and  65  vol%  SijN,  for  samples  with  50  and  60 
vol%  SijN*,  respectively).  It  is  interesting  to  note  that  for  samples  with  minimal  SijN* 
particle-particle  contacts  (i.e.,  60/40  and  85/15  sintered  compacts),  the  SijN* 
concentrations  shown  in  Table  4.33  are  in  excellent  agreement  with  the  values 
determined  from  1CP  measurements  (Table  4.26).  (The  SijN.  concentrations 
corresponding  to  the  60/40  and  85/1 5 samples  were  determined  to  be  42.0  and  1 5.4  voi%, 
respectively,  by  quantitative  microscopy  and  -41.9  and  -15.7  vol%.  respectively,  by  1CP 


12,5,  Compression  Creep  Studies 

Figures  4.92  - 4.95  show  plots  of  strain  rate  vs.  stress  and  Table  4.34  lists  the 
corresponding  stress  exponent  (n)  values  for  SiOr,  85/15,  60/40,  and  50/50  samples, 
respectively.  The  average  n values  (arithmetic  average  of  values  obtained  at  various 
temperatures)  for  the  samples  were  determined  to  be  1.02  ± 0.06. 1.1 1 ± 0.02.  1.03  ± 0.10, 
and  1.32  + 0.12,  respectively.  These  results  indicate  that  the  n value  for  the  SiOj,  85/15, 
and  60/40  were  nearly  unity  which  is  characteristic  of  Newtonian  flow  behavior.  In 
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Table  434.  List  of  n 
Samples. 

Values  as  a Function 

of  Test  Te, 

npcraturc  fc 

>r  SiO;  and  Co 

mposite 

.SiOr 

85/15 

60/40 

50/50 

T("C)  n 

n 

„ 

950  1.03 

1100  1.13 

1200 

1.13 

1250 

120 

1000  1.03 

1150  1.12 

1225 

1.00 

1275 

1.24 

1050  1.07 

1200  1.09 

1250 

1.10 

1300 

1.38 

1100  0.93 

1275 

0.90 

1325 

I.4S 

Table  4.35.  List  of  Activation  Energies©  at  Various  Compressive  Stresses  (c),  for  SiOj 
and  Composite  Samples. 


SiO; S5/J_5 

o(MPa)  E (kJ/mol)  o(MPa)  E (kJ/mol) 

5 4294  5 ii&5 

10  434.5  10  576.9 

20  416.6  20  581.7 

50  422.0  50  570,4 


60/40 

a E (kJ/mol) 

-G2S 

10  551.1 

20  584.9 

50  472,2 

100  506,1 


contrast,  the  50/50  sample  exhibits  much  higher  n values  and  hence  a non-Newtonian  (or 
shear  thinning)  type  of  creep  deformation. 

Figures  4.96  - 4.99  show  plots  of  the  steady-state  creep  rale  as  a function  of 
inverse  temperature  for  SiOj,  85/15,  60/40,  and  50/50  samples,  respectively.  Table  4.35 
lists  the  activation  energies  calculated  from  these  plots.  It  is  clear  that  the  activation  energy 
for  compression  creep  was  almost  independent  of  stress  for  samples  with  0,  -15,  and  -40 
vol%  SijN,,  respectively.  The  average  activation  energies  for  these  samples  were  calculated 
to  be  426  ± 8. 579  ± 7,  and  529  ± 49  kj/mol,  respectively. 

The  calculated  activation  energy  for  the  creep  deformation  of  SiO;  was 
considerably  lower  than  the  reported  values  for  the  viscous  flow  of  amorphous  silica 
(Vor90.  Sac84b.  Het64].  Sacks  and  Tseng  [Sac84b]  used  calcined  (200°C.  24  h)  SiO, 
powder  to  slip-cast  bulk  compacts.  The  compacts  were  pre-sintercd  at  500°C  for  1 h in  air 
and  subsequently  sintered  in  the  range  of  900°C  to  1050°C  in  static  air.  Viscosities  were 
determined  by  fitting  the  experimental  sintering  data  to  available  theoretical  models.  Based 
on  these  viscosities,  the  activation  energy  for  viscous  flow  was  determined  to  be  -506 
kJ/mol  which  was  in  good  agreement  with  510  kJ/mol  measured  on  fused  SiOj  with  high 
hydroxyl  concentration  [Het64J.  Vora  [Voi90]  also  prepared  similar  compacts  using  SiOj 
powder  calcined  at  700°C  for  6 h.  Pre-sintering  was  carried  out  at  700°C  for  6 h in  air  and 
the  samples  were  sintered  at  I150°C  to  full  density  (i.c,  zero  residual  porosity).  The 

-545  kJ/mol.  Vora  [Vor90]  argued  that  since  the  powder  compacts  were  extensively  pre- 

energy  value  higher  than  that  obtained  by  Sacks  and  Tseng  [Sac84b].  This  was  consistent 
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decreasing  hydroxyl  concentration.  (They  showed  that  the  activation  energy  of  (used  silica 
increased  from  -509  to  -71 1 kj/tnol  when  the  hydroxyl  content  in  the  sample  decreased 
from  0.12  to  0.0003  wt%  (Het64J.)  Although  the  SiOr  compacts  used  in  this  study  were 
pre-sintered  at  700°C,  the  starting  powder  (batch  2)  was  calcined  at  only  ~200"C  prior  to 
consolidation.  Therefore,  it  is  possible  that  higher  amounts  of  hydroxyl  groups  were  present 
in  these  compacts  compared  to  those  used  by  Vora  [Vot90].  The  powders  used  in  the 
current  study  were  calcined  at  the  same  temperature  (i.e.,  200“C,  24  h)  but  the  compacts 
were  pre-sintered  at  higher  temperatures  (700  vs.  500°C)  compared  to  that  used  by  Sacks 
and  Tseng  [Sac84b],  Consequently,  there  is  presumably  smaller  amounts  of  hydroxyl 
groups  in  the  former  samples  compared  to  the  latter  samples.  Howvere,  this  is  in  contrast 
with  the  fact  that  the  activation  energy  for  viscous  (low  determined  in  the  current  study  is 
lower  than  that  reported  by  Sacks  and  Tseng  [Sac84b].  Hence,  (urther  work  (such  as 
measurement  of  the  OH  content)  is  needed  to  understand  the  reasons  for  the  low  activation 
energy  obtained  in  the  current  study. 

The  viscosity  values  reported  in  the  studies  of  Sacks  and  Tseng  [Sac84b]  and 
Vora  [Vot90]  were  compared  with  those  obtained  in  the  current  investigation.  The 
viscosities  were  determined  by  taking  the  ratio  of  the  true  stress  and  the  true  strain  rate. 
Table  4.36  shows  the  comparison  of  viscosity  values  at  1 IOO°C  and  1 150°C  (the  data  at 
1 1 50°C  was  obtained  by  extrapolating  the  curves  in  Figure  4.96).  Table  4.36  shows  that  the 
measured  viscosities  were  significantly  (1-2  otders  of  magnitude)  lower  than  those  reported 
by  Vora  (Vor90)  which  seem  to  suggest  that  significantly  greater  amounts  of  hydroxyl 


at  investigation.  The  study  of  Sacks 


and  Tseng  [Sac84a]  reported  much  lower  viscosities  compared  lo  those  obtained  in  the 
current  investigation.  However,  in  that  study,  viscosities  were  obtained  by  an  indirect 
method,  i.e.,  by  fitting  the  densification  data  to  Scherer's  model  [Sch77]  for  viscous 
sintering.  Vora  [Voi90]  compared  the  viscosities  determined  from  direct  measurements 
(high-temperature  flexure  tests)  to  those  predicted  by  the  method  used  by  Sacks  and  Tseng 
[Sac84a].  It  was  found  that  the  predicted  values  were  1-2  orders  of  magnitude  lower  than 
the  measured  values.  This  difference  was  attributed  to  errors  in  the  assumption  of  the  pore 
geometry  in  Scherer's  model.  (The  pore  size  was  assumed  to  be  equal  to  the  particle 
diameter.  It  was  argued  that  since  the  pore  size  continuously  changes  during  densification, 
the  assumption  is  not  accurate  (Vor90).)  Therefore  it  may  not  be  reasonable  to  compare  the 
viscosities  obtained  by  Sacks  and  Tseng  [Sac84a]  to  those  measured  in  the  current  study. 


Table  4.36.  Comparison  of  Viscosities  Measured  by  Creep  Experiments  with  Values 
Determined  by  Vora  (Vor90)  and  Sacks  and  Tseng  [Sac84bJ. 


[Vor90|  jSac84a[ 
~2  x 10"  x in'" 


5 MPa 
6.9x10" 
2.6x10" 


1 (Poise)  /this  study) 

10  MPa  20  MPa  50  MPa 

7.3  x 10"  6.3x10"  8.2x10" 

2.1x10"  2.3x10"  3.0x10" 


Compared  to  the  SiO.  compacts,  the  85/15  and  the  60/40  powder  compacts  were 
sintered  at  much  higher  temperatures  (1300°C.  vs.  1 150”C  for  SiOj)  and  hence  considerable 
amounts  of  hydroxyl  groups  were  removed.  Therefore,  it  is  not  surprising  that  the  average 
activation  energies  for  the  deformation  for  the  85/15  and  60/40  samples  were  higher  than 
the  value  determined  for  SiO;  (579  and  529  kJ/mol,  respectively,  vs,  426  kJ/mol).  The 


Tgies  between  the  85/15  and  60/40  sample 


attributed  to  the  differences  in  hydroxyl  contents.  As  explained  in  Section  3.8,  the  pre- 
sintercd  (800°C,  2 h)  85/15  samples  were  heated  to  1 150°C  for  2 h in  Older  to  provide 
strength  for  machining  purposes.  However,  the  60/40  samples  were  only  pre-sintered  at 
800°C  for  2 h.  Therefore,  85/15  samples  contained  lower  concentrations  of  hydroxyl  groups 
which  would  explain  the  higher  measured  value  of  the  activation  energy  for  deformation. 

The  efTcet  of  sintering  temperature  on  defoimalion  behavior  was  demonstrated  by 
performing  the  following  experiment.  A 60/40  sample  was  sintered  at  1400°C  for  2 h in 
nitrogen  and  creep-tested  at  1200”C  in  the  stress  range  of  20  - 200  MPa.  Figure  4.100 
shows  a comparison  of  the  strain  rate  vs.  stress  behavior  for  60/40  samples  which  were 
sintered  at  1300  and  1400”C  and  tested  at  1200“C.  (The  data  for  the  former  sample  is  same 
as  shown  in  Figure  4.94.)  Although  the  stress  exponents  for  both  samples  were  -1  (i.e.,  the 
flow  was  Newtonian  in  both  cases),  the  sample  sintered  at  the  higher  temperature  (i.e., 
1400  C)  exhibited  significantly  lower  strain  rates.  This  is  consistent  with  the  argument  that 
higher  heat-treatment  temperatures  lead  to  higher  activation  energies  and  higher  viscosities 
due  to  the  reduction  in  hydroxyl  concentration  in  the  compacts. 

Deformation  behavior  was  directly  compared  for  30/70, 40/60,  50/50,  and  60/40 
compacts  by  performing  creep  tests  at  1275°C.  Figure  4.101  shows  the  plots  of  strain  rate 
vs.  stress  for  these  samples.  The  n values  were  calculated  to  be  -1.1 1,  -0.94,  -1.24.  and 
-0.94,  for  the  30/70,  40/60,  50/50,  and  60/40  samples,  respectively.  It  is  evident  ftom 
Figure  4.101  that  the  creep  behavior  of  the  30/70,  40/60.  and  50/50  compacts  were 
essentially  identical  and  the  average  stress  exponent  corresponding  to  a combination  of  data 
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from  the  three  samples  was  determined  to  be  -1.10.  In  contrast,  the  60/40  sample  showed 
much  higher  creep  rates  and  the  corresponding  stress  exponent  was  —0.94. 

As  indicated  in  Section  4.3.4,  the  30/70,  40/60,  and  50/50  compacts  reached 
limiting  maximum  densities  due  to  the  formation  of  contiguous  networks  of  SijNi  particles. 
Although  these  networks  are  "rigid"  under  the  sintering  stresses,  panicle  rearrangement  Is 
possible  under  high  external  stresses  (i.e,,  higher  than  the  sintering  stresses).  In  order  to 
estimate  the  rigidity  of  SijNj  particle-panicle  contacts,  creep  experiments  were  carried  out 
on  a SijMi  powder  compact  The  powder  compact  was  formed  by  slip-casting  a well- 
dispersed  (pH  - 9.6)  -30  vol%  aqueous  suspension  using  a procedure  similar  to  that 
described  in  Sections  3.4  and  3.5.  The  compact  was  dried  at  80°C  for  24  h,  pre-sintered  in 
flowing  (-60  em’/min)  nitrogen  at  800°C  for  2 h,  and  subsequently  sintered  in  the  same 
atmosphere  at  ISOtf’C  for  2 h.  The  bulk  density  and  the  open  porosity  of  the  sintered 
compact  were  measured  by  the  Archimedes  displacement  method  using  deionized  water  as 
the  medium.  The  values  were  1.84  g/cm3  and  42%,  respectively.  This  sample  was 
compression  tested  at  1275°C  in  the  stress  range  of  20  - 200  MPa.  It  was  found  that  the 
sample  did  not  undergo  any  deformation  over  the  entire  stress  range  studied  confirming  that 
the  SijNa  particle-particle  contacts  are  indeed  "rigid”  under  the  creep  conditions.  This  is  in 
contrast  with  the  results  obtained  for  30/70, 40/60,  and  50/50  samples  (Figure  4.101)  which 
underwent  significant  deformation  even  at  relatively  low  stresses.  The  Inner  result  is 
attributed  to  a thin  '‘lubricating"  layer  of  SiC>2  separating  the  SijN<  particles  which  would 
then  allow  for  particle  rearrangement  to  occur  (by  viscous  flow  of  the  amorphous  Si02) 
under  an  external  applied  stress.  Such  a layer  is  consistent  with  the  HRTEM  observations 
discussed  in  regard  to  Figure  4.91. 


Hie  concentration  ofSijN,  in  the  bulk  volume  (ratio  ofSijN4  volume  to  the  sum 
of  Si)Ni,  SiOj.  and  pore  volumes)  was  determined  for  30(70,  40/60,  and  50/50  samples 
(after  creep  testing).  The  values  were  obtained  by  multiplying  the  relative  density  (obtained 
by  dividing  the  bulk  densities  in  Table  4.37  by  the  corresponding  true  density)  by  the 
nominal  Si?N4  core  particle  volume  fraction101  in  the  solids.  Table  4.37  shows  the  results 
ftom  these  calculations. 

Table  4.37.  Calculated  Values  of  Vol%  Si)N<  in  Bulk  Volume  of  Creep  Tested  Samples. 
Sample  Relative  Density  Nominal  SuNi  Vol%  Si^N'a  in 

tg/cm1) (%> Fraction  in  Solids  Bulk  Volume 

30/70  2.16  73.7  0.70  51.6 

40/60  2.36  83.4  0.60  50.0 

50/50  2.62 963 050 48.2 

Table  4.37  shows  that  the  vol%  Si)N»  cores  in  bulk  volume  increased  slightly 
with  increase  in  the  SijNi  content  in  solids.  However,  the  standard  deviation  in  the  three 
values  was  small  (-1.436  corresponding  to  the  average  value  of  -49.9%).  Based  on  this 
observation,  it  may  be  reasonable  to  expect  that  the  number  of  SijNa  particle-particle 
contacts  were  similar  for  these  compacts.  Consequently,  under  an  applied  external  stress, 
the  local  stresses  on  the  SijN«  particles  would  be  identical  which  would  explain  the 


similarity  in  the  creep  behavior  of  these  samples. 


In  contrast  to  the  SiOj,  85/15  and  60/40  composite  compacts,  the  50/50  compacts 


showed  a non-Newtonian  flow  behavior  (n>l,  as  shown  in  Figure  4.95)  and  the  activation 
energy  is  a strong  fimetion  of  the  applied  compressive  stress  (Figure  4.99).  One  of  the 
factors  considered  to  explain  this  was  the  possible  dcnsilication  of  the  50/50  samples  during 
creep  experiments.  Table  4.38  shows  the  results  from  Archimedes  density  measurements 
(with  water  as  the  medium)  for  sintered  samples  used  for  compression  creep  experiments. 
Table  4.39  shows  similar  data  for  samples  after  creep  tests  were  performed  at  1275°C.  It  is 
evident  that  the  30/70 , 40/60,  and  50/50  samples  underwent  some  densification  during 
the  creep  treatment  (the  bulk  densities  increased  from  2.07,  2.27,  and  2.60  g/cm3, 
respectively,  to  2.16, 2.36,  and  2.62  g/cm3,  respectively).  However,  the  strains  associated 


experiments  (£1.5%  vs.  -20%,  respectively).  For  example,  the  volumetric  strain 

calculated  as  { (1/2.07  - 1/2.16)  / (1/2.07) } — 0.04.  This  translates  into  an  axial  strain  of 
0.04/3  = 0.013  or  1.3%,  assuming  isotropic  shrinkage.  Since  the  40/60  and  50/50 


Stress  exponent  values  greater  than  1 have  been  observed  for  SijN,  samples 
containing  amorphous  second  phases  [Wha90,  Koc9l,  Lue95],  Whalen  et  al.  (Wha90) 
carried  out  compression  creep  measurements  on  pressureless  sintered  SijN,  (>99%  density) 
containing  -6.4  vol%  of  a yttria-based  amorphous  phase.  The  stress  exponents  tanged  ftom 
1.9-2.6  for  samples  tested  in  the  temperature  range  of  1275  to  1325°C  and  in  the  stress 
range  of  207-345  MPa.  The  creep  deformation  in  these  samples  were 


ntrolled  by 


Table  4.38.  Density  Data  for  Sintered  Samples  Used  for  Creep  Testing 


Sample 

Sintering 

Apparent 

30/70 

1400 

29.2 

2.065 

29.6 

2.918 

40/60 

1400 

2.267 

18.9 

2.814 

2.270 

18.5 

2.816 

50/50 

1400 

2.595 

0.1 

2.597 

2.598 

0.3 

2.594 

60/40 

1300 

2.602 

0.0 

2.602 

2.594 

0.2 

2.598 

60/40 

1400 

2.595 

0.2 

2.601 

2.599 

0.1 

2.601 

Table  4 

9.  Density  Data  for  Samples  Creep  Tested 

at  1275°C. 

Sample 

Apparent  Density 

30/70 

2.162 

2.879 

2.164 

24.8 

2.879 

40/60 

2.355 

15.3 

2.779 

2.355 

15.5 

2.788 

50/50 

2.621 

0.3 

2.628 

2.623 

0.1 

2.626 

60/40 

2.602 

0.3 

2.611 

2.601 

0.3 

2.608 

cavitation  in  the  amorphous  grain  boundary  phase.  This  was  demonstrated  by  the  high 
stress  exponents  (values  >2  are  typically  associated  with  cavilation  [Koe91,  Lue95))  and 
TEM  observations  of  the  grain  boundary  amorphous  phase,  which  showed  the  presence  of 
cavities.  Koester  et  al.  [Koc9 1 { conducted  constant  stress  compressive  creep  studies  on  hot- 
pressed  SijNr  containing  30vol%  SiC  whiskers  and  an  initial  vitreous  phase  composed  of 
SiOi.  YiO),  and  A12Oj  (the  sintered  sample  contained  2.82wt%  S1O2, 4.25wt%  Y;Oj.  and 

-1200-1400"C,  and  in  the  stress  range  of  50-350  MPa.  An  integrated  analysis  of  all  the  data 
indicated  that  the  composite  crept  via  the  mechanisms  of  grain  boundary  sliding,  initially 
accomodated  by  viscous  flow  and  subsequently  by  diflusional  processes.  At  low  stresses 
and  temperatures,  the  former  mechanism  was  dominant  leading  to  relatively  low  values  of 
stress  exponent  and  actuation  energies.  At  higher  stresses  and  temperatures,  the  latter 

(For  example,  the  average  stress  exponents  were  -1.01  and  -2.52  for  temperatures  of  1 198 
and  1498°C,  respectively,  and  the  average  activation  energies  were  497  and  734  kJ/mol  for 
stresses  of  1 00  and  300  MPa.  respectively). 

The  sintered  composite  samples  used  in  the  current  study  did  not  show  any  decrease 
in  density  after  the  creep  testing  (Tables  4.38  and  4.39).  Therefore,  it  is  not  likely  that  any 
cavitation  occurred  in  the  compacts  due  to  the  deformation  stresses.  Since  the  kinetics  of 
transport  of  SijNt  through  the  Si02  phase  is  known  to  be  sluggish  [Lar91]  at  the 
temperatures  used  in  the  creep  experiments,  diffusion  through  the  amorphous  phase  is  not 
expected  to  play  a significant  role  in  determining  the  deformation  behavior.  The  viscous 
flow  in  the  composite  samples  may  be  divided  into  two  modes:  (I)  the  deformation  of  the 


flow  of  the  lubricating  layer  separating  the 


Although  both  the  deformation  modes  are  controlled  by  viscous  flow,  the  corresponding 
deformation  rates  may  be  differenL  The  second  mode  is  presumably  associated  with  higher 
deformation  rates  since  the  contact  area  between  adjacent  SijNi  grains  is  relatively  small 

(D)  showed  that  while  the  sintered  60/40  sample  had  a microstnicture  with  mostly  isolated 
SijN.  panicles,  the  sintered  30/70  and  40/60  samples  showed  extensive  "apparent"  SijN< 
particle-particle  contacts  (and  relatively  few  isolated  SiiNi  particles).  Therefore,  the 
dominant  creep  mode  for  the  60/40  sample  is  presumably  the  matrix  deformation  (i.e„  the 
first  mode)  while  that  for  the  30/70  and  40/60  samples  is  the  sliding  of  Si)N«  particles  (i.e., 
the  second  mode),  over  the  entire  range  of  stresses  and  temperatures  investigated.  Since 
both  modes  are  presumably  controlled  by  Newtonian  viscous  flow,  these  samples  showed 
stress  exponents  of  nearly  1 . (The  30/70  and  40/60  samples  were  tested  only  at  1275”C.  It 

temperature  and/or  any  dependence  of  activation  energy  with  stress.)  In  contrast  to  the 
60/40.  40/60.  and  30/70  sintered  samples,  the  sintered  50/50  compact  showed  significant 

particles  (Figure  4.90(C)).  Therefore,  the  50/50  compact  represents  a transition  case  where 
temperatures,  while  the  latter  mode  dominates  at  higher  stresses  and  higher  temperatures. 


In  such  a case,  relatively  smaller  deformation  rates  would  be  measured  at  lower  stresses  and 
lower  temperatures,  and  relatively  larger  creep  rates  would  be  observed  at  higher  stresses 
and  higher  temperatures.  This  would  explain  the  high  stress  exponent  values,  and  the 
increasing  values  of  activation  energies  with  stress,  observed  for  these  samples.  Further 
creep  experiments  (e.g.,  compression  testing  of  creep-tested  samples)  and  microscopy 
analyses  (e.g.,  quantitative  analysis  of  the  change  in  the  distribution  of  the  phases,  or 
particle  spacing,  after  creep  experiments)  may  be  necessary  to  confirm  this  interpretation. 

Figure  4.102  shows  XRD  plots  in  the  20  range  of  18  - 24°  for  50/50  and  60/40 
composite  powder  samples  that  were  creep  tested  at  I275°C  and  1300°C,  respectively.  The 
crystalline  peaks  in  both  the  plots  correspond  to  o-SijN4  while  the  broad  peak  centered  at 
20  - 22°  is  characteristic  of  amorphous  SiQj.  This  clearly  indicates  that  cristobalite  did  not 
form  under  the  stresses  and  temperatures  used. 

4-3.6,  Rigidity  Threshold  in  Composite  Powder  Compacts 

During  the  sintering  of  a composite  powder  compact,  the  cores  (inclusions)  of  the 
microcompositc  particles  will  approach  each  other  as  the  compact  shrinks  and  the  coating 
(matrix)  phase  is  redistributed  during  sintering.  A contiguous  particulate  network  will  form 
prior  to  complete  densification  if  the  core  particle  volume  traction  exceeds  a critical 
threshold  value.  If  the  core  particles  are  "rigid"  (i.e.,  non-sinterable),  this  network  imposes 
a constraint  on  densification.  The  rigidity  threshold,  0,  is  defined  as  the  critical  volume 
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Figure  4. 102.  XRD  plols  for  SiOj/Si,N4  samples  compression  creep  lesied  at 
crystalline  peaks  (a)  for  both  samples  correspond  to  ct-Si,N4 


I275"C.  The 


full  density  (i.e.,  no  residual  porosity) ,w. 


Consider  a green  compact  consisting  of  a randomly  packed  array  of  N uniformly 
coated  spherical  inclusion  particles  (Figure  4.103,  left  side).  If  R is  the  radius  of  the 
inclusion  particle  and  t is  the  thickness  of  the  coating,  the  volume  fraction  of  the  inclusion 
(in  the  matrix  + inclusion  volumes),  v,.  can  be  expressed  as, 

vi  = R3/(R+t)3  (4.24) 

The  particle  packing  is  assumed  to  be  homogeneous  and  die  initial  packing  fraction  (i.e., 
green  density)  is  denoted  by  (v  Further,  it  is  assumed  that  the  compact  undergoes  isotropic 
shrinkage,  i.e.,  the  inclusion  packing  geometry  remains  unaltered,  during  the  sintering 
process.  In  the  limiting  case  (corresponding  to  the  rigidity  threshold),  when  the  inclusions 
come  in  contact,  the  void  space  is  completely  occupied  by  the  matrix  phase  (Figure  4.103, 
right  side)  and  therefore, 

v.  = 0 (4.25) 

The  total  volume  of  the  matrix  phase  in  the  green  compact,  V^o,  is  given  by, 

V„,  = N • 4tt/3  • [ (R+t)3  - R3 ) (4.26) 

The  volume  of  the  matrix  phase  in  the  sintered  (fully  dense)  compact  (Figure  4.103,  right 
hand  side),  Vmf,  can  be  expressed  as, 

Vrt  - N • [(1  - p„Vp,)  • 4tt/3  R>  (427) 


Since  the  mass  is  conserved  during  the  sintering  process,  Vw  = Vr,f.  Equating  the  terms  in 
eq.s  (4.26)  and  (4.27),  we  obtain. 

N • 4rt/3  • [ (R+t)3  - R3  ] = N • 1(1  - ft>ypj  • 4rr/3  R3 
(R+t)5  -RJ  “ [(1  - PoVPd]  • R3 

((R+t)3  / R3]  - 1 ■ 1/po  • 1 (4.28) 

Substituting  eq.s  (4.26)  and  (4.27)  into  cq.  (4.28),  we  obtain, 

1 16=  1/ft,  or, 

8 - ft,  (4.29) 

Therefore  the  rigidity  threshold  is  numerically  equal  to  the  green  compact  density  if  the 
inclusion  packing  geometry  does  not  change  during  sintering. 

The  rigidity  threshold  can  also  be  defined  as  the  limiting  volume  traction  of  the 
inclusion  particles  in  the  bulk  volume  of  the  sintered  compact.  This  is  particularly  useful 

plot  of  maximum  volume  fraction  of  SijN,  in  the  bulk  volume1"  (including  the  porosity)  as 
a function  of  SijNi  in  solids  (corresponding  to  the  data  in  Table  4.32,  and  calculated  using 

reached  a limiting  value  of -49  vol%  for  samples  with  k50  vol%  Si3N4  in  solids.  (It  is 
noted  that  the  maximum  volume  fraction  increased  slightly  with  SijNr  content  (values  were 
-48.2,  -48.7,  and  -50.2  vol%  for  50/50, 40/60,  and  30/70  samples,  respectively).  However, 
the  standard  devratron  for  the  values  was  only  0.8  vol%.  This  is  considerably  lower  than  the 
green  densities  (-60  vol%).  The  deviation  of  the  rigidity  threshold  from  the  theoretical 
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Figure  4.104.  Plot  of  SijN4  in  the  bulk  volume  at  the  maximum  sintered  density 
vs  SiJNi  content  in  solids.  The  rigidity  threshold  value  is  -49  vol%. 


prediclia 


ons  may  be  atiribuled  to  experimental  non-uniformities,  e.g.,  in  panicle  packing, 
microcomposiic  panicle  phase  distribution,  etc.  It  was  shown  in  Section  4.3.1  that  for  a 
given  powder  batch,  the  composite  powders  exhibit  a distribution  in  composition  as  a 
consequence  of  the  thickness  being  uniform  for  all  core  sizes.  This  means  that  there  are 
local  Si02/SijN4  composition  variations,  in  which  some  composite  panicle-particle 
contacts  have  relatively  thin  SiO*  layers.  Therefore,  during  the  sintering  of  composite 
powder  compacts,  local  networks  of  SijNj  can  form  between  panicles  containing 
relatively  low  volume  fractions  of  S1O2- 

The  dependence  of  composition  distribution  on  sintering  was  investigated  by 
preparing  samples  with  the  same  overall  composition  (i.e„  Si02/SijN4  ratio)  but  varying 
local  distribution  of  the  phases.  Samples  with  the  overall  composition  of  50  vol%  S1O3  / 
50  vol%  Si3N4  were  prepared  by  consolidating  three  different  powder  suspensions  - a 
50/50  composite  powder  suspension  (30  vol%,  pH  -9.2),  a 1:1  (by  volume)  mixture  of 
40/60  and  60/40  composite  powder  suspensions  (each  -30  vol%,  pH  -9.2),  and  ),  a 5:1 
(by  volume)  mixture  of  SijN4  (fines)  and  60/40  composite  powder  suspensions  (each  -30 
vol%  solids  and  at  pH  -9.2).  The  samples  were  designated  50/50,  40/60+60/40.  and 
SN+60/40,  respectively.  The  samples  were  first  pre-simered  to  800  °C  (2  °C/min,  2 h 
hold,  in  N2).  The  samples  were  then  sintered  to  1450°C  and  1500°C  (2  h hold)  in  an 
alumina  tube  furnace1"'  in  a nitrogen  atmosphere.  Densities  were  measured  after  each 

Tables  4.40  and  4.41  show  the  results  from  the  density  measurements. 


Tabic  4.40.  Pre-sinlered  Densities  for  Mixed  Powder  Compacts. 


SamP|c  Pt»i  (g/cm’)  %O.P.  (v.lg/n’l 


50/50 


616  39.7  2.679 

615  39.4  2.665 


39.9  2.682 

40.1  2.686 


SN+60/40  #1 

M_ 


.601 

.594 


40.1 

40.4 


2.673 

2.675 


% O P.  Pippaitni  (g/cm1)  Relative  Density  (%) 


40/60+60/40  #1 
« 

SN+60/40  #1 


I from  Table  4.40  that  the  green 


of  the  samples  prepared  by 


the  three  different  routes  have  very  similar  values.  This  would  eliminate  differences  in 
green  density  as  a factor  affecting  the  sintering  kinetics.  It  is  clear  from  Table  4.41  that 
despite  the  fact  that  the  green  densities  of  all  the  samples  were  simitar,  the  sintered 
densities  increased  as  the  uniformity  of  the  spatial  distribution  of  phases  throughout  the 
compact  increased.  Since  all  the  samples  underwent  marginal  densification  between 
1450°C  and  1500°C,  it  may  be  assumed  that  all  the  samples  reached  limiting  densities.  The 
density  data  clearly  demonstrates  that  non-uniformities  in  composition  of  powders  and  in 
the  spatial  distribution  of  phases  in  the  compact  lead  to  retardation  in  densification  kinetics 
and  a decrease  in  the  value  of  the  rigidity  threshold.  It  is  noted  that  these  results  arc 
consistent  with  the  results  from  the  experiments  comparing  the  composite  powder  and 
mixed  powder  compacts  (Sections  4.1.3  and  4.3.4)  which  also  demonstrated  that  the 
densification  is  retarded  if  the  spatial  distribution  of  the  phases  is  non-uniform. 


As  indicated  earlier.  Figure  4.84  shows  the  plots  of  relative  density  vs.  sintering 
time,  at  1225°C,  for  Sio,  compacts,  85/15  compacts,  and  SiOj+SijN,  mixed  powder 
compacts  with  15  vol%  SijN*.  The  solid  lines  in  the  plots  were  obtained  by  fitting 
smooth  curves  using  the  same  procedure  as  described  earlier.  The  procedures  described 


in  Sections  2.5.1  and  2.5.2  wi 
of  the  ratio  of  the  strain  rate  i 


e used  to  cv 


: and  that  predicted  by  the  rule-of-mixtures. 


npared  with  the 


In  Figure  4.105,  the  experimental  results  for  are  com 

predictions  of  Scherer's  model.  It  is  evident  that  the  experimental  data  shows  poor 
agreement  with  theoretical  estimates.  The  potential  reasons  for  the  deviation  from  theory 
are  discussed  below.  Scherer's  model  [Sch87]  assumes  that  the  inclusions  must  be  much 
larger  than  the  sintering  (matrix)  particles  so  that  the  matrix  can  be  regarded  os  a 
continuum.  Moreover,  the  model  does  not  allow  for  the  fact  that  the  inclusions  will 

volume  fraction  which  generally  corresponds  to  the  percolation  threshold,  Rahaman  and 
DeJonghc  [Rah87a]  tested  the  validity  of  Scherer's  model  using  powder  compacts 
prepared  from  mixtures  of  soda-lime  silicate  glass  powder  (-4  pm  average  diameter)  and 
SiC  powder  (average  diameter  -35  pm).  It  was  shown  that  the  experimental  results  were 

vo!%.  Above  this  value,  the  interactions  between  the  inclusions  caused  significant 
deviations  from  theory.  Boccaccini  (Boc94)  conducted  similar  studies  using  compacts 
prepared  from  a mixture  of  aluminosilicate  glass  particles  (-8  pm  mean  diameter)  and 
alumina  platelets  (5  - 25  pm  major  axes).  It  was  demonstrated  that  the  sintering  results 
showed  good  agreement  with  model  predictions  provided  the  platelet  content  was  S 15 
V0l%.  It  is  noted  that  both  these  studies  utilized  inclusion  particles  much  larger  than  the 
matrix  particles.  However,  particle  mixtures  with  matrix  particles  larger  than  the 

in  such  particle  mixtures,  there  is  a relatively  higher  degree  of  continuity  between  a larger 


s.  This 


5 was  demonstrated  by  electrical  conductivity 
measurements  carried  out  on  compacts  formed  from  a mixture  of  -90  vol%  soda-lime 
glass  powder  (10  - 15  pm  diameter)  matrices  and  -10  vol%  nickel  inclusions  (6  - 10  pm 
diameter).  These  results  are  also  consistent  with  theoretical  analyses  conducted  by  Kusy 
[Kus77]  and  simulations  carried  out  by  Bouvard  and  Lange  [Bou91],  Kusy  [Kus77] 
showed,  using  a probabilistic  approach,  that  lower  conductivity  percolation  thresholds 

P-  For  example,  the  threshold  values  decreased  from  -21  vo!%  to  -8  vol%  as  p increased 
from  -2  to  -7.  Bouvard  and  Lange  [Bou91]  carried  out  simulations  of  inclusion-matrix 
particle  (with  spherical  geometry)  mixtures  at  various  size  ratios  and  phase  proportions. 
The  relative  packing  density  ranged  from  57%  to  61%  depending  on  size  ratio  and 
composition.  Percolation  threshold  were  determined  for  different  values  of  the  matrix  to 
inclusion  particle  size  ratio,  p.  It  was  shown  that  the  percolation  threshold  decreased  as  p 
increased  (threshold  values  were  -22.  -18.  and  -I  I vol%  for  p values  of  0.5, 1,  and  2. 
respectively).  In  the  current  investigation,  the  inclusion  (i.e.,  SijNt)  particles  used  in  the 

particles  (median  Stokes'  diameters  of  -0.3  pm  and  -0.5  pm,  respectively).  The 
deviation  of  experimental  results  from  theory  for  SiOr+SijN.  mixed  powder  compacts 
can  therefore  be  explained  in  part  by  the  increased  inclusion  interactions  arising  from  the 

The  spatial  distribution  of  the  phases  in  a composite  powder  compact  is  such 


limal  and  the  matrix  (Si02)  phase 


experimental  values  of  -7J;  are  closer  to  theoretical  predictions  for  the  composite  powder 
compact  compared  to  those  for  the  mixed  powder  compact  (Figure  4.105).  However. 

important  to  consider  the  differences  between  the  SiOj  compacts  and  the  85/15  composite 
powder  compacts.  If  there  arc  significant  differences  (e.g.,  in  particle  size,  packing, 
hydroxyl  contents,  etc.)  between  the  compacts,  it  may  not  be  reasonable  to  normalize  ec 
(determined  from  the  composite  powder  compacts)  with  respect  to  a™  (determined  using 
the  Si02  compacts).  Possible  factors  given  consideration  were  the  differences  in  the 
particle  size  distributions  and  the  particle  packing  characteristics  between  the  Si02 
compact  and  the  85/15  compact.  Although  the  median  Stokes  diameters  for  the  two 
particles  were  similar  (-0.50  pm),  the  85/15  powder  had  a broader  particle  size 
distribution  (Figures  3.2  and  4.60).  It  has  been  shown  (c.g„  for  A12Oj  [Yeh88]  and  SiC^ 
[Vor90]  compacts)  that  for  the  same  median  particle  size,  broader  size  distributions  result 
in  enhanced  densificadon  rates.  Furthermore,  the  green  densities  of  the  SiOj  and  the 
85/15  compacts  were  -52%'“  and  -57%,  respectively  (see  Table  4.31).  Therefore,  the 
85/15  compact  would  density  faster  than  it  would  if  it  had  size  distribution  and  packing 
characteristics  similar  to  those  for  the  Si02  compact.  However,  this  would  lead  to  the 
prediction  of  higher  -fjj  values  and  thereby  result  in  smaller  deviatioas  from  the 


predictions.  Another  explanation  considered 


hydroxyl  contents  in  the  SiO,  and  the  85/15  composite  samples.  The  composite  samples 
were  pre-sintered  at  higher  temperatures  compared  to  the  SiOj  samples  (800  vs.  700“C, 
respectively).  In  addition,  while  the  85/15  samples  were  heated  in  a flowing  nitrogen 
atmosphere,  the  Si02  samples  had  been  pre-sintered  in  static  air  which  has  higher 
concentrations  of  moisture.  Therefore  it  is  likely  that  the  SiOj  compacts  had  relatively 
higher  amounts  of  hydroxyl  groups.  Since  an  increase  in  hydroxyl  content  leads  to  a 
reduction  in  viscosity  (Het54),  the  densification  rales  are  enhanced.  This  results  in  a 
higher  estimated  value  of  the  strain  rate  predicted  by  the  rule-of-mixturcs  (and.  therefore, 
lower  predicted  and  hence,  contributes  to  the  deviation  of  the  experimental  data 


The  densification  data  was  also  compared  with  the  results  from  two-particle 
simulations  [Jag94]  of  the  sintering  of  coated  particles.  The  density  data  obtained  from 

(3/4  it)1'3  ty  / t|R',  where  t is  the  sintering  time,  y is  the  surface  energy  (-  0.28  J/m! 
[Bri82]  for  SiOj),  t)  is  the  bulk  viscosity  of  SiCh  phase,  and  R'  is  the  radius  of  the 


composite  particles.  As  explained  earlier,  the  composite  particle  sizes  determined  by 
sedimentation  measurements  (Figure  4.60)  may  not  be  accurate  due  to  the  distribution  of 


10  MPa.  The 


viscosity  al  I100'>C(1373K)wascalculatedtobe~7x  1011  Pa«s.  This  was  extrapolaled  to 
1225°C  (1498K)  using  the  activation  energy  value  of  429  kj/mol  (Figure  4.96)  in  the 
Arrhenius  equation  and  the  corresponding  viscosity  was  determined  to  be  -1.7  X 10s  Pa»s. 
It  is  noted  that  the  SiO.  samples  used  for  creep  testing  (i.e.,  viscosity  measurements) 
probably  contained  different  amounts  of  hydroxyl  groups  compared  to  the  composite 
powder  compacts.  This  is  because  they  were  heated  to  different  temperatures  and  in 
different  environments.  (The  Si02  samples  were  pre-sintered  at  700°C  for  6 h and 
sintered  for  at  1150°C  24  h in  static  air  prior  to  creep  measurements  whereas  the 
composite  powder  compacts  were  pre-sintered  at  800°C  for  2 h and  sintered  at  1225°C  in 
flowing  nitrogen.)  As  a consequence,  the  actual  viscosities  of  the  matrix  (S1O2)  phase  in 
the  composite  samples  may  be  different.  (Due  to  the  complex  nature  of  the  differences  in 
thermal  histories  of  the  two  types  of  compacts,  it  is  difficult  to  predict  if  the  actual 
viscosities  are  lower  or  higher  than  the  assumed  value.) 

Figure  4.106  shows  plots  of  relative  density  vs.  normalized  time  for  the 
composite  powder  compacts  in  this  study  compared  to  the  theoretical  data  from  Jagota's 
simulations  [Jag94].  It  is  clear  from  Figure  4.106  that  the  experimental  data  does  not 
follow  the  predictions  of  Jagota  [Jag94],  This  deviation  may  be  due  to  the  non-ideal 

microscopic  techniques  that  for  a given  composite  powder  batch,  the  composition  of  the 
particles  is  not  uniform.  This  results  in  non-uniformities  of  the  spatial  distribution  of 
phases  throughout  the  compact.  It  has  been  demonstrated  (Table  4.40)  that  the  sintering 
kinetics  is  strongly  dependent  on  the  spatial  distribution  of  phases  in  the  powder  compact. 
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As  shown  earlier,  the  non-ideal  nature  of  the  composite  powder  compacts  resulted  in  a 
rigidity  threshold  value  of  -49%  which  is  lower  than  the  theoretical  value  of  -60%  (i,e., 
the  green  compact  density).  Since  Jagota's  simulation  assumes  ideal  particles  and  ideal 
packing,  the  rigidity  threshold  used  in  the  the  simulations  was  equal  to  the  green  compact 

predictions  may  also  be  attributed  to  the  difference  in  the  rigidity  threshold  used  for  the 
simulation  and  that  obtained  for  the  current  study.  It  is  important  to  note  that  the 
theoretical  treatment  of  Jagota  [Jag94]  involved  only  a two-particle  simulation  and 
therefore,  it  is  not  strictly  applicable  to  multi-particle  systems. 


Frenkel  [Fre4S]  laid  the  foundation  for  all  the  analyses  of  viscous  sintering.  He 
pointed  out  that  energy  is  dissipated  as  heat  during  viscous  flow,  and  suggested  that  the 


reduction  in  surface  area  (associated  with  the  neck  growth  and  pore  elimination)  provides 
the  source  of  this  energy  during  viscous  sintering.  Mackenzie  and  Shuttleworth  [Mac49] 
developed  a model  in  which  densifreation  results  ftorn  the  shrinkage  of  uniform  spherical 
pores  in  a viscous  matrix.  The  simplicity  of  the  geometry  enabled  them  to  write  exact 


expressions  of  the  energy  dissipation  and  the  change  in  surface  area  during  sintering.  This 
approach  gives  an  equation  of  the  form. 

dp’/dt = 2/3  (4nO)10  n'°  (y/q)  (l-p-)“  pM  (430) 

where  p'  is  the  relative  density,  n is  the  number  of  pores  per  unit  volume,  y is  is  surface 
energy,  and  q is  the  bulk  viscosity  of  the  amorphous  phase.  Kingcry  |Kin76]  simplified  this 


expression  using  ihe  following  approach.  The  number  of  pores  depends  on  pore  size  (radius 
r,  assuming  a spherical  geometry)  and  the  relative  density  and  is  given  by 

n (4tt/3)  r3  ■=  (pore  volume  / solid  volume)  = (I-p'J/p'  (431) 

Kingery  [Kin76]  assumed  that  the  pore  radius,  r,  was  numerically  equal  to  the  initial  radius 
of  the  particles,  ra.  Combining  this  (r  = r„)  and  eq.  (4.3 1 ) in  cq.  (4.30),  it  was  shown  that 
dp'/dt  = (3y  / 2 r„t))  (1-p')  (4.32) 

The  sintering  data  in  this  study  was  fitted  to  eq.  (4.32)  to  obtain  values  of  viscosity  1)  as 

assumed  to  be  half  the  median  Stokes  diameter  determined  from  particle  size 

composite  powders  do  not  yield  accurate  results  due  to  the  presence  of  a composition 
distribution  among  particles  of  any  given  composite  powder  batch.  Therefore  the  average 
radius  of  the  microcomposite  particles  obtained  from  quantitative  microscopy  (Table  4.16) 
was  used.  The  viscosity  for  the  composite  powder  samples  is  an  "effective  viscosity"  or  an 
"equivalent  homogeneous  viscosity". 

Figure  4.107  shows  the  plots  of  calculated  viscosity  vs.  relative  density  for  the 
SiOj  and  composite  powder  compacts.  The  viscosity  of  SiOj  was  nearly  constant  (-8  x 1 0* 
Pa*s)  over  the  entire  density  range  (which  is  an  indirect  evidence  to  the  fact  that  the 
experimental  data  fits  the  Mackenzie  and  Shuttleworth  model  for  sintering).  This  is  slightly 
lower  than  the  value  of  -1.7  X 109  Pa«s  determined  by  using  the  results  from  creep 
defotmation  experiments.  The  equivalent  viscosity  of  the  85/15  composite  sample 
increased  slightly  with  increasing  density  (-  7 x 10*  Pa«s  to  - 1 x 109  Pa*s  for  relative 
densities  of  -65%  and  -95%,  respectively).  Composite  samples  containing  higher  amounts 
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samples  densificd  from  the  green  density  lo  the  maximum  sintered  density.  This 
phenomenon  may  be  attributed  to  the  increasing  inclusion  interactions  resulting  from  the 
decreasing  separation  distance  between  the  SijNr  particles  (i.c..  increasing  concentration  of 
SijNj  particles  in  the  bulk  volume)  during  densification.  During  viscous  flow  in  amorphous 
systems  containing  rigid  crystalline  phases,  there  is  a velocity  distribution  in  the  viscous 
fluid  separating  adjacent  rigid  particles.  Jagota's  study  [Jag94]  provided  evidence  for  the 
existence  of  deformation  contours  (i.e..  velocity  distribution  in  the  viscous  matrix  phase) 
between  a pair  of  coated  particles  undergoing  sintering.  The  effective  deformation  rate,  D, 
was  defined  as 


where  t)  and  y are  the  viscosity  and  surface  tension,  respectively,  of  the  matrix  (coating) 
phase,  R is  the  radius  of  the  core  particles,  and  U>  is  the  coating  thickness.  Simulations  were 
perfotmed  to  obtain  the  distribution  of  D in  the  coating  phase  as  the  particles  approached 


value  of  D decreased 


from  1096  to  55  as  the  neck  radius1"  increased  from  0.17  (R+i)  lo  0.34  (R+t),  i.e.,  as  the 
core  panicle  separation  distance  decreased.  Since  viscosity  is  inversely  proportional  to 
the  deformation  rate  (i.c.,  strain  rate),  the  "effective  viscosity"  of  the  matrix  phase 
increased  as  the  particles  approached  each  other.  The  results  shown  in  Figure  4.107  ore 

Dryden  et  al.  [Diy89]  performed  a theoretical  analysis  for  a spherical  grain, 
embedded  in  a linear  viscous  matrix  of  a constant  thickness,  subjected  to  deformation 
stresses.  The  radial  and  tangential  displacement  rates  increase  from  zero,  at  the  surface  of 

the  viscous  coating  and  they  are  functions  (expressed  as  Legendre  polynomials)  of  the 
distance  from  the  solid  surface.  The  maximum  values  reduced  as  the  coating  thickness 
reduced.  Since  viscosity  is  inversely  proportional  to  the  displacement  rate  (which  is 
directly  proportional  to  the  strain  rate),  the  "effective  viscosity"  of  the  coating  phase 
increased  as  the  coating  thickness  reduced.  As  explained  earlier,  the  core  panicles 
approach  each  other  as  the  composite  powder  compact  undergoes  dcnsification.  Since  the 
core  particle  separation  distance  reduces,  the  “effective"  coating  thickness  reduces  and 
the  viscosity  increases,  as  observed  in  Figure  4.107. 

These  studies  provide  convincing  evidence  that  for  composite  materials,  the 
displacement  rate  of  the  matrix  phase  in  the  gap  between  adjacent  inclusions  plays  an 
important  role  in  determining  the  overall  flow  (or  densification)  behavior  of  the  bulk 
material.  The  mean  separation  distance  between  the  SijNj  particles  in  the  composite 


powder  compacts  used  in  this  study  was  calculated  as  follows.  The  bulk  volumetric 
shrinkage  of  the  composite  is  given  by, 


I/P»-  1/P  = £. 

Up.  ' P 


(4.36) 


= change  in  bulk  volume, 

= initial  bulk  volume  (i.e.,  the  green  compact  volume), 
= green  packing  density,  and 
= instantaneous  sintered  bulk  density. 


The  bulk  volume  of  the  green  compact  may  be  expressed  as 
V0  = N*4/37i(R+t0)3/ po 


(4.37) 


where,  R = radius  of  the  core  particles, 

2to  = initial  mean  distance  of  separation  between  SijNt  particles 
= 2 x (initial  coating  thickness,  to),  and 
N = total  number  of  composite  particles  in  the  compact. 

Assuming  that  the  packing  geometry  is  invariant  during  the  sintering  process,  the 
instantaneous  bulk  volume  of  the  compact  may  be  expressed  as 

V B N«4/3  n (R+t)3  / po  (4.38) 

where,  2t  = instantaneous  mean  distance  of  separation  between  SijN<  particles 
= 2 x (instantaneous  “effective"  coating  thickness,  t) 


Recognizing  that  AV  = V„  - V,  and  substituting  eq.s  (4.37)  and  (4.38)  in  eq.  (4.36),  we 


AV 


4/ 3 it  [(R  + t,)1  - (R  + t)3) 
4/3n  (R+t.)3 


(4.39) 


instantaneous  sintered  densities  using  cq.  (4.39).  Figure 
viscosity  (q/r|o.  where  q„  = 8 x 10"  Pa+s,  the 


was  calculated  from  the 
4.108  shows  the  plots  of 
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aiisoosia  aaznvwuoN 


normalized  separation  distance  (2t/R)  for  the  composite  powder  compacts.  It  is  evident  that 
the  viscosity  increases  as  the  separation  distance  decreases.  The  plot  also  shows  that  the 
data  for  all  the  compositions  seem  to  follow  the  same  trend.  i.e.,  the  dependence  of  viscosity 

compact. 

To  better  interpret  the  implication  of  this  analysis,  the  normalized  viscosity  was 
calculated  as  a function  of  the  instantaneous  SijNj  volume  fraction  in  the  bulk  compact 
(determined  as  the  product  of  the  relative  density  and  the  nominal  Si)N<  volume  fiaction  in 
the  composite  powder).  As  indicated  earlier,  the  SijN,  particles  approach  each  other  during 

the  plot  of  the  normalized  viscosity  vs.  the  instantaneous  SijNj  volume  fraction  for  the 
composite  powder  compacts.  The  data  was  then  fitted  to  the  Dougherty-Kriegcr  [Kri67] 
equation  for  the  rheology  of  concentrated  suspensions  which  is  given  by, 

1%  = (1  - W**  (4.40) 

$ is  the  volume  fiaction  of  the  solids. 

4p  is  a limiting  value  of  4 = a constant,  and 

The  predicted  data  (shown  by  the  solid  curve  in  Figure  4.109)  was  obtained  by  using 
a curve-fitting  software10’  and  the  values  of  4p  and  A were  determined  to  be  0.497  and 
3.984‘“,  respectively.  It  is  evident  from  Figure  4.109  that  the  experimental  data  fits  the 
predicted  values  very  well.  It  is  also  interesting  to  note  that  4,  is  numerically  equal  to  the 
rigidity  threshold.  This  is  not  surprising  since  densification  is  arrested  completely  when  the 
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volume  traction  of  the  inclusions  approaches  the  threshold  value  and 
viscosit)1  values  to  diverge.  The  most  important  implication  of  this  analysis  is  that  the 
dcnsification  behavior  of  the  composite  powder  compacts  with  a given  composition  can  be 
predicted  if  the  values  for  the  matrix  viscosity,  the  rigidity  threshold,  and  the  constant  A arc 
known.  While  the  first  two  terms  could  presumably  be  determined  by  conducting  a single 
experiment  (creep  and  densification,  respectively)  for  each,  several  samples  may  be  required 
to  accurately  estimate  the  value  of  A. 


CHAPTERS 

SUMMARY 

S.l.  Preliminary  Investigations 

Microcomposite  panicles  consisting  of  inner  cores  of  SijN«  and  outer  coatings  of 
amorphous  SiO;  were  synthesized.  The  steps  involved  in  the  synthesis  method  were  (I) 
mixing  TEOS/ethanol  solutions  with  SijN</ethanol  suspensions  and  (2)  inducing  the 
precipitation  of  the  SiOj  coating  by  the  addition  of  concentrated  (—30  wt%)  NHjOH 
solution.  Composite  powders  containing  overall  SiO:  contents  in  the  range  of  40-85 
vol%  were  prepared  by  varying  the  TEOS/Si  sN:  ratio  in  the  coating  suspension.  TEM 
observations  showed  that  composite  powders  with  different  amounts  of  the  SiO-  coatings 
could  be  synthesized.  The  absence  of  any  crystal  planes  in  the  SiO:  phase  as  determined 
by  HRTEM,  and  the  absence  of  any  crystalline  SiO;  peaks  in  the  XRD  patterns 
demonstrated  the  amorphous  nature  of  the  SiO;  coatings  in  the  microcomposite  particles. 

surface  indicating  that  there  was  complete  coverage  of  the  core  panicle  surface  by  the 
SiO;  coating.  This  was  also  consistent  with  clcctrokinetic  data  which  showed  simitar 
zeta  potential-pH  behavior  for  both  microcomposite  and  Si02  particles.  Particle  size 
distribution  results  were  used  to  qualitatively  illustrate  the  shift  to  larger  particle  sizes  that 
occurred  due  to  the  precipitation  of  the  coating  on  the  core  particles.  Surface  area 

srgnrficant  amount  of  porosity  present  in  the  SiO;  phase. 

Powder  compacts  prepared  with  the  microcomposite  particles  showed  enhanced 
densification.  This  was  demonstrated  by  directly  comparing  the  sintering  behavior  of 


compacts  prepared  with  SiOi-coated  Si]N«  microcomposite  particles  vs.  a mixture  of 
Si02+SijN4  particles.  A composite  powder  compact  with  60/40  volume  ratio  of 
SiO;/Si)NJ  reached  almost  lull  density  within  2 h at  1300°C,  while  a mixed  powder 
compact  of  similar  composition  had  only  -73%  relative  density  under  the  same  sintering 
conditions.  Furthermore,  a limiting  relative  density  of  -90%  was  observed  for  the  latter 
compacts.  Electron  microscopy  observations  indicated  that  the  dcnsiftcation  was 
constrained  in  the  mixed  powder  compacts  due  to  the  development  of  rigid  networks  of 
Si)Ni  particles.  In  contrast.  SijNi  particle-particle  contacts  were  not  observed  in  the 
samples  prepared  from  the  microcomposile  particles. 

5.2.  Processing  and  Properties  of  Bulk  Composites  with  Low-Dielectric  Constant 
The  feasibility  of  using  polystyrene  (PS)  particles  to  develop  isolated,  closed 
pores  in  a SiCtySijNj  matrix  was  demonstrated.  Samples  with  60/40  volume  ratio  of 
SiOVS^N*  and  -9-10  vo!%  closed,  isolated,  spheroidal  pores  (-2  pm  dia.)  were  prepared 

microporosity  resulted  in  a lower  dielectric  constant  (-4.4  at  1 MHz)  compared  to  a fully 
dense  sample  (-4.9  at  1 MHz)  with  60/40  SiOj/SbNa  ratio.  Both  samples  had  low  loss 
tangent  values  (-2  x 10"*).  The  average  flexural  strength  was  also  the  same  (183  MPa), 
but  the  porous  sample  had  lower  Vicker's  hardness  (8.7  vs.  6.5  GPa).  The  mechanical 
and  dielectric  properties  for  these  composites  are  similar  to  or  better  than  reported  values 
for  many  other  glass -ceramic  and  glass-ceramic  systems  of  interest  for  microelectronics 
packaging  applications.  It  may  be  possible  to  incorporate  a larger  amount  of  closed  pores 
into  the  samples  (and  thereby  lower  the  dielectric  constant  even  further)  by  optimization 
of  the  powder  characteristics  and  processing  conditions  (c.g.,  the  size  distributions  of  the 
microcomposite  particles  and  the  PS  particles,  sintering  conditions,  etc.).  It  may  also  be 


, in  these  samples  by  reducing  the  t 


possible  to  obtain  higher  strength  levels 
large  processing-related  flaws  (e.g.,  powder  agglomerates  and  machining  flaws). 

5.3.  Effect  of  Composition  on  Densification  and  Creep  Behavior 
Composite  powders  were  characterized  by  performing  quantitative  microscopy 
using  bright-flcld  TEM  images.  It  was  found  that  for  any  given  powder  batch,  the 
average  thickness  of  the  coating  on  each  composite  particle  was  independent  of  the  core 
particle  size.  Since  the  core  particles  had  a size  distribution,  the  smaller  composite 
panicles  had  relatively  higher  concentrations  of  SiO;  and  larger  composite  particles  had 
relatively  lower  concentrations  of  Si02-  Shape  factor  measurements  on  samples  with 
high  amounts  of  Si02  (60-85  vol%)  revealed  that  the  microcomposite  panicles  were  more 
spheroidal  than  the  corresponding  core  panicles.  In  other  words,  within  any 
microcomposite  particle,  the  coating  thickness  was  not  uniform. 

The  surface  properties  of  the  composite  powders  were  investigated.  The  surface 

presence  of  varying  amounts  of  nano-sized  porosity  in  the  coating.  These  pores  were 
generally  eliminated  upon  calcination  at  -600”C.  However,  samples  with  extremely  thin 
(--I2ntn)  coatings  retained  significant  amounts  of  porosity  after  healing  under  the  same 

leaching  of  amine  species  through  the  pores,  and  due  to  the  extension  of  the  diffuse  layer 
into  the  pore  channels  and  toward  the  SKVSijNe  interface.  (For  example,  it  was  shown 
that  the  shift  in  the  diffuse  layer  of  6nm,  toward  the  SiOj/SijNj  interface,  could  result  in  a 
-46%  reduction  in  the  zeta  potential).  The  zeta  potentials  increased  as  the  surface 
porosity  was  reduced  by  calcining  at  progressively  higher  temperatures. 

Constant-heating-rate  (CHR)  experiments  on  bulk  compacts  showed  that 
densification  occurred  by  the  viscous  flow  mechanism  (with  an  activation  energy  of -580 


kJ/mol).  The  effect  of  composition  on  densification  was  investigated  by  perfotming 
isothermal  sintering  experiments  on  Si02  compacts,  Si02+SijN4  powder  mixture 
compacts  with  -15  vol%  SijN«,  and  SiCtySijN*  composite  powder  compacts  with  SijN< 
contents  in  the  range  of  15-70  vol%.  Samples  with  15  and  40  vol%  SijN4  could  be 
sintered  to -10094  relative  density  after  heat-treaunent  at  1225'IC  for -150  min  and  -600 
min,  respectively.  In  contrast,  samples  with  50,  60,  and  70  vol%  SijN,  reached 
maximum  relative  densities  of  -97%,  -81%,  and  -72%,  respectively,  after  sintering  for 
2h  at  1500°C.  The  decrease  in  maximum  density  with  increasing  SijN,  content  was  due 
to  the  development  of  rigid  networks  of  SijN4  particles  at  higher  volume  liuctions. 

with  minimal  SijN4  particle-particle  contacts.  Samples  with  higher  inclusion  contents 
(50/50  and  40/60  compacts)  showed  more  extensive  particle-particle  contacts  which  was 
consistent  with  the  lower  relative  densities. 

During  the  sintering  of  a composite  powder  compact,  the  cores  (inclusions)  of  the 

(matrix)  phase  is  redistributed  during  sintering  A contiguous  particulate  network  will  form 
prior  to  complete  densification  if  the  core  particle  volume  fraction  exceeds  a critical 
threshold  value.  If  the  core  particles  are  "rigid"  (i.e„  non-sinterable),  this  network  imposes 
a constraint  on  densification.  The  rigidity  threshold,  0,  is  defined  as  the  critical  volume 
fraction  of  inclusions  (in  the  solid  volume)  below  which  the  composite  can  be  sintered  to 
full  density  (i.c.,  no  residual  porosity).  It  was  shown  by  a geometrical  analysis  that  the 
rigidity  threshold  is  numerically  equal  to  the  green  compact  density  if  the  inclusion  packing 


The  rigidity  threshold  in  the  SiO,/Si;N4  composite  powder  compacts  used  in  this 
study  was  -50  vol%  which  is  significantly  lower  than  the  theoretical  value  (i.e„  the  green 
packing  density)  of  -60  vol%.  The  deviation  in  theory  was 
non-uniformities  resulting  from  the  phase  composition  c 


i partly  due  to  the 


powders.  This  was  demonstrated  by  preparing  50  vol%  SiOj  / 50  vol%  SijN<  compacts 
by  consolidating  three  different  powder  suspensions  - a 50  vol%  SiQi  /50  vol%  SijN« 
composite  powder  suspension,  a mixture  of  40  vol%  SiO;  /60  vol%  Si.?Nj  and  60  vol% 
SiCh  /40  vol%  SijN4  composite  powder  suspensions,  and  a mixture  of  SijNj  and  60  vol% 
SiO!  M0  vol%  Si)N4  composite  powder  suspensions.  After  sintering  for  2 h at  1500°C, 
the  limiting  relative  densities  obtained  on  the  three  samples  were  -97%.  -94%.  and 
-92%.  respectively.  Therefore,  the  sintered  densities  decreased  as  the  "non-uniformity" 
of  the  composition  of  the  coated  particles  increased.  This  experiment  clearly 
demonstrated  that  non-uniformities  in  composition  led  to  retardation  in  densification 
kinetics  and  the  decrease  in  the  value  of  the  rigidity  threshold. 

maximum  relative  density.  The  values  of  the  creep  exponent  (-1)  and  the  activation 
energies  (529  - 579  kJ/mol)  for  the  60M0  and  85/15  samples  indicated  that  deformation 
was  controlled  by  viscous  flow  of  the  SiOj  matrix.  Significant  deformation  was  also 
observed  in  samples  with  SijN4  contents  greater  than  or  equal  to  the  rigidity  threshold 
(i.e„  in  30/70. 40/60,  and  50/50  samples)  due  to  the  presence  of  thin  (~5nm)  lubricating 
layers  of  SiO’  between  adjacent  SbN*  particles. 

An  empirical  model  for  densification  was  proposed.  It  was  hypothesized  that  the 
there  exists  an  "effective  viscosity”  of  the  solid  material  and  that  its  value  decreased  as 
the  SijNj  particle  approached  each  other  during  sintering.  The  viscosity  data  was 
extracted  by  fitting  to  the  Mackenzie-Shuttlcworth  model  for  viscous  sintering.  The 
viscosity  was  a function  of  the  instantaneous  SijN>  content  in  the  bulk  volume  and  the 
relationship  followed  the  Doughorty-Kriegcr  model  for  concentrated  suspensions. 


CHAPTER  6 

SUGGESTIONS  FOR  FUTURE  WORK 

Suggestions  for  filture  work  arc  given  below: 

(1)  The  process  used  for  the  coating  of  SiOj  on  SijN<  could  be  investigated  in  detail. 
The  solution  phase  and  the  microcomposite  particles  could  be  withdrawn  at  different 
times  during  the  coating  and  analyzed  to  understand  the  coating  mechanism  and  to 
establish  the  growth  kinetics.  (The  solution  phase  may  be  analyzed  by  measuring  the 

species  that  develop  due  to  hydrolysis  condensation,  etc.  The  powder  phase  may  be 
characterized  by  TEM.  XPS,  surface  area  analysis,  etc.)  Controlled  experiments  could  be 
performed  with  variables  such  as  drying  conditions  for  the  core  powder,  aging  of  the 

in  order  to  understand  the  variables  affecting  the  reproducibility  of  powder  surface  area 
and  the  development  of  porosity  in  the  coatings. 

(2)  The  origin  of  the  processing  defects  (powder  agglomerates)  in  the  composite 
powder  samples  could  be  investigated.  For  the  SiOj  compacts,  filtration  of  the  powder 

eliminate  agglomerates  prior  to  slip-casting.  It  was  shown  that  the  flexural  strength  for 


ntrolled  by  machining  flaws,  and  i 


in  the  fracture  surface.  Simitar  filtration  could  be  performed  for  the  composite  powder 
samples  and  the  fracture  behavior  of  the  resulting  samples  could  be  evaluated. 

(3)  Detailed  CHR  studies  on  different  composite  powder  compositions  could  be 
performed  to  further  confirm  that  the  densification  occurs  by  a viscous  flow  mechanism. 
Load-sintering  experiments  could  be  carried  out  using  a loading-dilatometry  in  order  to 
experimentally  determine  the  value  of  Gc  (composite  shear  viscosity)  and  test  the  validity 
of  Scherer's  self-consistent  (SC)  model  [Sch87], 

(4)  The  apparent  absence  of  cristobalitc  in  high-temperature  (>1400°C)  sintered 
samples  needs  to  be  investigated.  Detailed  characterization  techniques  such  as  HRTEM 
and  energy  dispersive  x-ray  spectroscopy  (EDSyTEM  could  be  used  to  study  the  structure 
and  composition  (e.g.,  the  presence  of  any  dissolved  nitrogen,  etc.)  of  S1O2  corresponding 
to  different  sintering  temperatures. 

(5)  The  microstructure  evolution  in  composite  powder  samples  could  be  studied 
further.  Quantitative  microscopy  (SEM  and  TEM)  could  be  carried  out  on  polished  and 
etched  samples  in  order  to  study  the  formation  of  local  SijNr  particulate  networks. 

(6)  Jagota's  finite-element  model  [Jag9S]  for  the  sintering  of  coated  powder  packings 
can  be  tested  more  accurately  by  using  a "model"  composite  powder  compact.  This 

of  uniform  thickness  (both  within  each  particle,  and  between  different  particles  of  the 
same  powder  batch).  For  example,  spherical  monosized  particles  of  TiO:  or  ZiO;  could 
be  synthesized  using  controlled  hydrolysis  of  alkoxidcs.  These  particles  could  then  be 
used  as  core  particles  to  deposit  uniform  coatings  of  SiOi  using  the  synthesis  method 


described  in  this  investigation.  The  compacts  derived  from  these  powders  could  be 
sintered  isothermally  and  the  neck  growth  at  particle  pairs  could  be  compared  with 
predicted  values.  Such  a “model"  system  could  also  be  used  to  confirm  that  the  rigidity 
threshold  is  ideally  equal  to  the  green  density.  (It  is  noted  that  this  would  be  a "model" 
system  only  if  the  compact  derived  from  the  "model”  particles  contains  no  packing 
heterogcnictics.) 


APPENDIX  A 

FRACTIONATION  OF  SijN.  POWDER 


The  fractionation  of  the  as-received  SijN<  powder1  was  based  on  sedimentation 
rates  calculated  from  Stokes'  Law.  The  details  of  the  Stokes’  settling  calculations  have 

particle  fractions  from  the  as-received  powder.  The  two  batches  of  powders  prepared 
were  designated  as  Loti  and  Lot2.  respectively.  The  first  method  involved  using  a 
combination  of  centrifugal  and  gravitational  sedimentation  steps  whereas  the  second 
utilized  only  gravitational  sedimentation  for  fractionation.  The  detailed  procedure  for  the 
latter  method  has  been  described  by  Bagwell  [Bag92].  The  following  are  the  step-by-step 
procedures  for  the  two  methods  of  fractionation  of  the  as-received  SijN4. 

Preparation  of  Loti  Powder 

I.  Suspension  Preparation 
A.  Preparation  of  25  vol%  suspension 

1 . Weigh  out  73.78  g of  deionized  water  into  a 125  ml  plastic  bottle. 

2.  Add  1.5  ml  of  concentrated  (-29  wt%)  NH.OH  (to  allow  electrostatic  stabilization 
of  Si 3N4  at  high  pH). 

3.  Add  60.75  g SiiNa.  mix  on  a paint  shaker1  for  10  minutes. 

4.  Add  24.87  g SijN4,  mix  on  a paint  shaker  for  10  minutes. 

5.  Check  pH.  The  pH  value  should  be  in  the  range  9.8  - 10.0. 
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7.  Check  pH.  Adjust  pH  to  9.6  using  < 0.10  ml  of  concentrated  NH4OH.  (This  is 
done  since  the  pH  typically  reduces  slightly  with  time  as  the  suspension  ages). 

B.  Dilution  to  a 0.75  vol%  suspension 

1 . Weigh  3561  g of  deionized  water  into  a 4 1 plastic  bottle. 

2.  Add  1 .0  ml  of  concentrated  NH4OH  to  adjust  pH  to  9.6. 

3.  Add  the  25  vol%  sonicated  suspension  from  Part  A while  mixing  the  suspension 

4.  Close  container  tightly  and  age  the  suspension  4 hr  on  a roller  mill. 

5.  Check  pH  and  if  needed,  adjust  to  9.6  with  concentrated  NH4OH. 

6.  Age  the  suspension  for  an  additional  45  min  before  fractionation. 

II.  Centrifugal  fractionation  of  as-received  suspension 
A.  First  fractionation  of  as-received  suspension 

1 . Let  suspension  stand  for  15  minutes  prior  to  fractionation.  This  is  done  to  settle 
out  the  coarsest  fraction  of  powder. 

2.  Pass  suspension  through  a centrifuge*  at  4650  rpm,  by  using  a pump’  with  a flow 
rate  setting  of  2.0  cmVs.  (The  smaller  particles  flow  over  to  the  top  of  the  rotor 
through  an  exit  lube  and  into  a container.  The  larger  particles  collect  at  the  bottom  of 
the  rotor).  Pass  the  overflow  material  through  the  centriliige  again.  Between  the  fust 
and  second  passes,  allow  the  overflow  suspension  to  return  into  the  first  pass 


3.  Cany  oul  particle  size  analysis  on  the  final  overflow  material.  This  is  done  to 
ensure  that  less  than  7%  of  the  particles  are  greater  than  0.49  pm  in  diameter. 

4.  Collect  the  residual  material  in  the  rotor  into  a pre-weighed  500  ml  bottle. 

1.  Mix  the  collected  residue  for  15  minutes  on  a paint  shaker. 

3.  Add  2500  g of  deionized  water  into  a 4 1 plastic  bottle  and  adjust  pH  to  9.6.  Add  a 
deionized  water. 

5.  Fractionate  again  using  the  steps  in  11 A above. 

1 . Mix  the  rotor  residue  collected  after  step  II B for  15  minutes  on  a paint  shaker. 

2.  Sonicate  2 hours  with  5 minute  cooling  breaks  every  1 5 minutes. 

3.  Dilute  to  0.75  vol%  by  measuring  the  solids  loading  and  adding  an  appropriate 
amount  of  deionized  water.  Adjust  the  pH  to  9.6  using  concentrated  NH4OH. 

5.  Pour  suspension  carefully  into  a 41  plastic  settling  column.  (The  settling  height. 
i.e.,  the  difference  between  the  initial  height  of  the  suspension  and  the  height  at  which 
the  suspension  is  withdrawn  from  the  column,  was  37.7cm).  Remove  air  bubbles 
using  a long  glass  rod.  Cover  column  with  parafilm  and  aluminum  foil. 

6.  Allow  suspension  to  settle  undisturbed  for  10  days.  Remove  suspension  down  to 
500  cmJ  mark  using  a peristaltic  pump.  Suspension  should  be  removed  at  the  top 
level  of  the  column  only  at  a low  flow  rate  (-2  cmJ/s). 


1 7%  of  the 


panicles  are  greater  than  0.49  pm  in  diameter. 

IV.  Filtration  and  Mixing 

1.  Filter  ail  the  fractionated  suspensions  (i.c..  from  steps  II  A,  n B and  III)  through  a 
pressure  filtration  apparatus6  (under  50-60  psi  nitrogen  pressure)  with  0.22  pm 
cellulose  filter  paper. 

2.  Diy  the  filtered  powders  in  a convection  oven  at  80°C  for  24  hours. 

3.  Mix  the  dry  powders  by  grinding  with  an  alumina  pestle  and  mortar.  Transfer  the 
final  powder  into  a plastic  bottle  and  store  in  a vacuum  dessicator. 

Preparation  of  I .m2  Powder  IBav9?l 

1.  Suspension  Preparation 

The  suspension  preparation  procedure  was  identical  to  that  described  for  the 
preparation  of  Loti  powder, 

I.  Pour  the  suspension  carefully  into  a clean  41  settling  column.  (The  settling  height, 

1. e.,  the  difference  between  the  initial  height  of  the  suspension  and  the  height  at 
which  the  suspension  is  withdrawn  from  the  column,  was  37.7cm). 

2.  Remove  air  bubbles  from  column  using  a long  glass  rod, 

3.  Cover  the  column  with  plastic  film  and  aluminum  foil. 

4.  Allow  suspension  to  remain  undisturbed  for  10  days  - then  remove  suspension 
down  to  2000  cm  mark  using  a peristaltic  pump.  Suspension  should  be  removed  at 
the  top  level  of  the  column  only  at  a low  flow  rate  (-2  cm’/sec). 

5.  Wait  2-3  more  days  and  remove  500  cm’  more  of  suspension  - repeat  until  500cm’ 


6.  Cany  oul  panic 


nples  from  each  portion  of 


8.  Collect  the  remaining  500  cm1  of  suspension  in  the  column  for  re-dispersion. 
Repeat  the  entire  settling  for  this  powder  in  order  to  increase  the  yield  of 


ill.  Mixing  and  Drying 

1 . Dry  the  filtered  powders  in  a convection  oven  at  90°C  for  24  hours 

2.  Mix  the  dty  powders  by  grinding  with  an  alumina  pestle  and  me 
final  powder  into  a plastic  bottle  and  store  in  a vacuum  dessicator. 


ortar.  Transfer  1 


APPENDIX  B 

COATING  OF  SijN,  POWDER  WITH  SiOj 


B 1 Pjspercion  of  Si)N j Powder 


Preliminary  investigations  |G.W.  Scheiffcle,  personal  communication.  1989] 
showed  that  a styrene  maleic  anhydride  copolymer’  could  be  used  as  a dispersant  for 
SijNj  in  ethanol  medium.  This  copolymer  was  used  to  disperse  Si;N<  in  ethanol  prior  to 
the  preparation  of  Series  I and  Series  II  composite  powders.  However,  initial  experiments 
for  the  preparation  of  Scries  III  composite  powders  revealed  that  the  copolymer-stabilized 
Si)N4  suspensions  flocculated  (indicated  by  the  formation  of  a sediment)  upon  standing 
for  -5  min.  The  reasons  for  this  behavior  is  not  clearly  understood  yet.  In  an  attempt  to 
improve  the  stability  of  these  suspensions,  small  quantities  (-20  pi  in  1 00ml  of  a -2  vol% 
suspension)  of  3N  NHjOH  solutions  were  added.  It  was  found  that  the  stability  of  the 
suspensions  improved  significantly.  This  was  evident  fiom  the  fact  that  no  sediment 


The  improvement  in  stability  was  quantified  by  performing  particle  size 
measurements  using  an  X-ray  sedimentation  apparatus’.  1 00ml  each  of  three  separate  ~2 
vol%  suspensions  were  prepared  for  the  analysis.  In  the  first  case,  the  dispersion  medium 
was  deionized  water  and  the  suspension  pH  was  adjusted  to  -9.6  using  3N  NH4OH 
solutions.  In  the  second,  suspension  was  prepared  in  ethanol  containing  -1  wt%  (of  the 
powder  volume)  of  the  dispersant.  The  third  suspension  was  similar  to  the  second,  except 
that  -20pl  of -3N  NH.OH  was  also  included  in  the  suspension.  The  suspensions  were 


eparately  mixed  by  shaking  for  -5  mir 


licated  for  -2  h.  Figure 


shows  the  plols  of  cumulalive  mass  percent  vs.  Stokes  diameter  for  the  particles  in  the 
three  suspensions.  (For  particle  size  measurements  in  ethanol,  the  density  and  viscosity 
of  ethanol  were  assumed  to  be  0.81  g/ml  and  1. 10  mPa»s,  respectively.  The  conditions 
used  for  the  measurements  in  water  were  the  same  as  those  shown  in  Table  3.3.)  The 
aqueous  suspension  was  expected  to  be  well-dispersed  due  to  electrostatic  stabilization 
(see  Section  4.1.2).  The  size  distribution  from  the  ethanol  suspension  with  NHjOH  was 
identical  to  that  obtained  for  the  aqueous  suspension.  In  contrast,  the  ethanol  suspension 
prepared  without  any  NH.OH  was  flocculated,  i.e„  the  distribution  plot  was  shifted  to 
higher  particle  sizes.  Based  on  this  experiment  NH»OH  was  used  in  the  suspensions 
prepared  for  the  synthesis  of  III  composite  powders. 


B.2.  Coating  Procedure 

I.  Filtration  of  Ethanol 

1.  Rinse  a 41  glass  column  with  ethanol'  from  a freshly  opened  container  (<  10  days 
after  breaking  the  seal).  Fill  the  column  with  -41  of  ethanol. 

2.  Place  a coarse  filtration  paper*  over  a plastic  colander  funnel  and  wet  the  paper 
with  -50  ml  of  ethanol. 

3.  Filter  the  41  of  ethanol  through  the  funnel  into  a 41  plastic  bottle.  Perform  steps  1- 
3 twice  to  collect  -81  of  Altered  ethanol.  The  ethanol  referred  to  in  all  the  following 
steps  is  the  filtered  ethanol. 


iN30U3d  ssvw  3Aii\nnwno 


U.  Preparation  of  SijNj  Suspensic 


1 . Rinse  a 250  ml  plastic  bottle  with  ethanol  and  weigh  out  162  g (200  ml  assuming  a 
density  of  0.8 1 g/ml)  of  ethanol  into  it 

2.  Add  a I"  magnetic  stirrer  and  start  stirring. 

3.  Weigh  out  A g (see  Table  B-l)  of  SMA  1440A’  and  add  it  to  the  ethanol  while 

4.  Weigh  out  B g (see  Table  B-l)  of  fractionated  S13N4  powder  and  add  it  gradually 
to  the  solution.  (Loti  powder  was  used  for  Series  I composite  powders  while  Lot2 
powder  was  utilized  for  Series  n and  Scries  III  powders.) 

5.  Add  1 0 pi  of  a 3N  NH4OH  solution  to  the  suspension  (for  Series  III  powders  only). 

6.  Remove  the  stirrer  and  mix  1 5 minutes  on  a paint  shaker*. 

7.  Sonicate  for  2 hours  and  shake  suspension  after  each  30  min  of  sonication. 

III.  Preparation  of  TEOS  Solution 

1.  Rinse  a 6 1 Erlenmeycr  flask  with  ethanol  and  add  C ml  (sec  Table  B-l)  of  ethanol 
into  it.  Add  a 3"  magnetic  stirrer  and  start  stirring. 

2.  Rinse  a 1 1 Erlcnmeyer  flask  with  ethanol.  Measure  out  400  ml  ethanol  in  a 500  ml 
graduated  cylinder  and  transfer  it  into  the  flask.  Add  a I"  magnetic  stirrer  and  start 
stirring. 

3.  Weigh  out  D g (see  Table  B-l)  of  TEOS  and  add  it  to  the  1 I flask  while  stirring. 
(A  commercial  grade  TEOS’  was  used  for  the  preparation  of  Series  I and  Series  II 
powdeis.  For  the  synthesis  of  Series  II  powders,  high-purity  TEOS1  from  a fleshly 

4.  Wait  for  5 min  to  ensure  that 


I the  TEOS  is  mixed  thoroughly. 


IV.  Coating  Pr 


1.  Add  the  sonicated  SiiNj  / ethanol  suspension  to  the  6]  flask  while  stirring  at 

2.  Add  the  TEOS  / ethanol  solution  to  the  6 1 flask, 

3.  Measure  out  E ml  (see  Table  B-l)  of  concentrated  (-29  wt%)  NH.OH  from  a 
freshly  opened  bottle  into  a 1 1 graduated  cylinder. 

4.  Add  the  NH4OH  rapidly  (within  -5  s)  into  the  61  flask. 

5.  Cover  the  61  flask  with  Parafilm  and  keep  the  mixture  stirred  at  maximum  speed 

1.  Filter  the  suspension  through  a filter  paper"  using  a teflon  coated  pressure  filtration 
apparatus1".  The  filtration  is  carried  out  at  -50  • 60  psi  pressure. 

filtration  chamber.  Collect  all  of  the  ethanol/NHaOH/TEOS  waste  in  one  container. 

deionized  water  through  the  filtration  chamber. 

4.  Collect  the  washed  powder  in  a 250  ml  plastic  bottle  and  disperse  in  200  ml  of 


1 . Sonicate  suspension  for  1 hour  with  a 5 minute  cooling  break  after  30  minutes. 

2.  Pour  3700  ml  of  deionized  water  into  a 4 1 plastic  bottle.  Add  the  sonicated 

" 0.22um  nylon,  Fisher  Scientific.  Fair  Lawn.  Nt 


3.  Age  8 hours  on  a roller  mill. 

4.  Filler  the  aged  suspension  using  a pressure  filtration  apparatus  with  filter  paper". 

5.  Dry  the  filtered  powders  in  a convection  oven  at  80°C  for  24  hours. 

6.  Grind  the  dty  powders  with  an  alumina  pestle  and  mortar.  Transfer  the  ground 
powder  into  a plastic  bottle  and  store  in  a vacuum  desiccator. 

VI.  Table  of  Amounts  of  Constituents: 


Table  B- 1 . Amounts  of  Constituents  Used  for  the  Coating  Process. 


Constituent 

30/70 

40/60 

50/50 

60/40 

85/15 

A(g) 

0.1949 

0.1721 

0.1495 

0.1239 

0.0309 

B(g) 

19.49 

17.21 

14.95 

12.39 

3.09 

C (ml) 

1525 

2305 

3202 

4106 

3853 

D(B) 

19.76 

25.76 

35.36 

43.74 

41.42 

E(ml) 

425 

554 

760 

940 

891 

Total  Coated  Powder  (a) 

25 

25 

25 

20 

15 

APPENDIX  C 

SYNTHESIS  OF  POLYSTYRENE  (PS)  PARTICLES 

I.  Solution  Preparation 

1.  Prepare  a mixture  of  !80g  styrene  monomer'  and  513ml  of  a 10%  NaOIP  solution  in 
deionized  water  in  a 11  Erlenmeyer  flask  (covered  loosely  with  parafilm  to  prevent 


2.  Separate  the  styrene  from  the  aqueous  solution  using  a separating  funnel.  Filter  this 
styrene  through  activated  Al;OjJ. 

3.  Transfer  25g  of  the  treated  styrene  into  a 16  oz.  glass  bottle  previously  filled  with  1 92ml 
of  ethanol  (200  proof)*,  0.25g  of  AIBN>,  3.5g  of  PVP-K30*  and  1 .0g  of  AOT-100’. 

4.  Purge  the  solution  with  nitrogen.  Seal  the  bottle  tightly  with  a rubber  cap  and  parafilm, 

5.  Repeal  steps  1-4  to  prepare  several  batches. 

A.  Polymerization 

1 . Place  the  bottles  in  a shaker  bath*  maintained  at  a constant  temperature  of  70'C  and  a 
shaker  speed  setting  of  4. 

2.  After  24  hours,  remove  the  bottles  from  the  shaker  bath  and  cool  to  room  temperature. 

3.  Add  0.25g  of  hydroquinone”  to  each  bottle  to  inhibit  further  polymerization. 


4.  Place  the  flask  in  a refrige 


ettle  undisturbed  for  30 


5.  Withdraw  most  of  the  solvent  using  a peristaltic  pump10  with  a flow  rate  setting  of  2.0 
cm5/s  and  replace  with  ~400ml  of  ethanol  (200  proof). 

6.  Shake  the  bottles  vigorously  to  mix  the  contents  and  transfer  the  suspensions  into 
III.  Preparation  of  Aqueous  Suspension 

1.  Centrifuge  the  suspension  at  5000  rpm  for  20  minutes  using  an  industrial  grade 
centrifuge".  Remove  the  supernatant  carefully  using  a pipette  and  replace  with  an  equal 

2.  Sonicate  the  suspension  for  5 minutes. 

3.  Repeat  Steps  1-2  three  more  times  so  that  all  the  unreactcd  styrene  is  removed  and  the 
ethanol  is  completely  replaced  with  deionized  water. 

4.  Adjust  the  pH  of  the  final  suspension  to  -9  and  sonicate  the  suspension  for  1 hour. 
Concentrate  the  suspension  to  the  desired  level  by  evaporating  excess  solvent  fiom  a 
vigourously  stirring  suspension  placed  on  a tabletop  heater  at  ~70°C. 
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APPENDIX  D 

PHYSICAL  PROPERTY  MEASUREMENTS 


I.  Flexural  Strength: 

Figures  D-I(a)  - D-l(d)  and  D-2(a)  - D-2(g)  show  the  plots  of  load  vs.  load-span 
displacement  for  fully  dense  (i.e..  almost  zero  porosity)  and  porous  60/40  SKVSijNi 

samples,  respectively.  Figures  D-3(a)  - D3(h)  show  similar  plots  for  Si02  samples.  Table 
D-I  shows  the  density  data  for  the  porous  samples  as  determined  by  the  Archimedes 
displacement  method  using  deionized  water  as  the  medium.  Tables  D-D  through  D-IV  list 
the  fracture  loads,  specimen  dimensions,  and  flexure  strengths  of  the  SiOj  samples  and  the 
fully  dense  and  porous  60/40  SiO;/SijN,  specimens,  respectively. 

II.  Hardness  and  Fracture  Toughness  Measurements: 

The  tensile  surfaces  of  the  following  bend-tested  samples  were  used  for 
indentation  measurements:  (a)  dense  Si02-  #3  (Table  D-II) , (b)  dense  Si02/SijN,-  #8 
(Table  D-in),  and  (c)  porous  SiOj/SijNs-  #D  (Table  D-IV).  The  Vicker's  hardness  values 
for  the  samples  were  measured  to  be  6.9±0.3  GPa,  8.7±0.2  GPa,  and  6.5±0.1  GPa, 
respectively  (from  20-25  indents).  Based  on  Knoop  indentation  experiments  ( 1 5 indents), 
the  average  b’/a'  (see  schematic  in  Figure  3.12)  for  the  dense  SiCtySijN,  sample  was 
determined  to  be  0.12540.006.  Using  this  value  in  eq.  (3.47),  the  E/H  value  was 
calculated  to  be  29.2  which  resulted  in  an  clastic  modulus  of  254  GPa.  The  physical 
properties  of  two-phase  composites  can  be  predicted  from  the  properties  of  the  individual 
phases  using  various  theoretical  models  [Hal76].  One  of  the  most  widely  used  models  to 
calculate  elastic  moduli  of  composites  was  developed  by  Hashin  and  Shtrikman  [Has63], 


Figure  D-l  (b).  Plot  of  load  vs.  displacement  for  60/40  SiOj/Si,N,  sample  #4. 


Figure  D-l  (c).  Piol  of  load  vs.  displacement  for  60/40  SiO;/Si.N4  sample  45. 


Figure  D-l  (d).  Plot  of  load  vs.  displacement  for  60/40  SiOj/SijN4  sample  46. 


Figure  D-l  (e).  Plot  of  load  vs.  displacement  for  60/40  SiOj/Si,N4  sample  47. 


Figure  D-2  (a).  Plot  of  load  vs.  displacement  for  porous  60/40  SiOj/Si3N4  sample  HA. 


Figure  D-2  (b).  Plol  of  load  vs.  displacement  for  porous  60/40  SiO/SijN,  sample  UC. 


Figure  D-2  (c).  Plot  of  load  vs.  displacement  for  porous  60/40  SiO?/SilN4  sample  #C2. 


Figure  D-2  (d).  Plot  of  load  vs.  displacement  for  porous  60/40  SiO/SijN,  sample  HD. 


Figure  D-2  (c).  Plot  of  load  vs.  displacement  for  porous  60/40  SitySijN,  sample  #F. 
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Figure  D-2  (f).  Plot  of  load  vs.  displaccmem  for  porous  60/40  SiCySijN,  sample  #G. 


Figure  D-2  (g).  Plot  of  load  vs.  displacement  for  porous  60/40  SiOj/Si3N(  sample  #H. 


Figure  D-3  (a).  Plot  of  load  vs.  displacement  for  Si02  sample  «l. 


Figure  D-3  (b).  Plot  of  load  vs.  displacement  for  Si02  sample  #2. 


Figure  D-3  (c).  Plol  of  load  vs.  displacement  for  Si02  sample  U 3. 


Figure  D-3  (d).  Plol  of  load  vs.  displacement  for  SiO;  sample  *4. 


Figure  D-3  (e).  Plot  of  load  vs.  displacement  for  Si02  sample  #5. 


Figure  D-3  (f).  Plot  of  load  vs.  displacement  for  Si02  sample  #6. 


Figure  D-3  (g).  Plol  of  load  vs.  displacement  for  SiO,  sample  #5. 


Figure  D-3  (h).  Plot  of  load  vs.  displacement  for  SiO,  sample  -6. 


Tabic  D-l.  Archimedes  density  results  for  60/40  SiO!/Si!N,  samples  containing 
controlled  voids  created  by  pyrolysis  of  PS 


Sample 

No. 

Bulk  Density 
(g/cmJ) 

Open  Porosity 
(%) 

Apparent  Density 
(g/cm3) 

Closed  Porosity 
(%) 

A 

0.4 

2.39 

8.1 

C 

2.38 

0.3 

2.38 

8.5 

C2 

2.39 

0.2 

239 

8.0 

D 

2.40 

0.3 

2.41 

7.4 

F 

2.38 

0.4 

2.39 

8.1 

G 

2.40 

0.3 

2.40 

7.6 

H 

2.39 

0.5 

2.40 

7.8 

1 

2.40 

0.2 

2.41 

7.5 

Average 

2.39 

0.4 

2.40 

7 .9  ±0.3 

Table  D-II.  Four-point  bend  test  results  for  dense  SiO,  samples 


Table  D-III.  Four-poinl  bend  lesl  results  for  fully  dense  60/40  SiOj/Si3N4  samples 


Sample  No 


8 

10 


33.20 

41.11 

35.84 

55.96 

59.03 

61.52 

64.26 

58.79 

41.02 

50.49 


4.87 

4.91 

4.73 

4.91 

4.85 


1.85 

1.83 

2.01 

1.91 

1.97 
1.99 
1.94 

1.98 

2.00 

Average 


o,(MPa) 

138 

164 

146 

189 

218 

216 


220 


183  i 33 


Table  D-IV.  Four-point  bend  test  results  for  60/40  SiCtySijN,  samples  containing 
controlled  voids  created  by  pyrolysis  of  PS 


Sample  Nu 


C2 

D 

F 

G 

H 


P.  fibs) 
66.5 

46.0 

86.1 


62.7 

81.6 

58.3 


w(mm) I (mm)  of(MPa) 

5.11  2.13  191 

5.09  2.15  130 

5.11  2.10  203 

5.17  2.13  245 

5.11  2.13  109 

5.12  2.10  185 

5.11  2.12  237 

5.07  2.17  163 

Average  183  ±45 


upper  and 


making  any  special  assumptions  regarding  the  phase  geometry.  In  order  to  calculate  the 
theoretical  clastic  modulus  for  the  SitySijN,  composites,  the  moduli  of  the  individual 
components  are  necessary.  The  elastic  moduli  of  dense  slip-cast  (used  silica  (with  a bulk 
density  of  -2.20  g/cm3)  and  dense  monolithic  SijNa  have  been  determined  (using 
ultrasonic  techniques)  to  be  -70  GPa  [Sha88a,  Lyo94]  and  -310  GPa1  [Fis92,  Pez84], 
respectively.  Using  these  values,  the  H-S  bounds  for  a 60/40  SiOj/SijN,  samples  were 
calculated  to  be  1 20  GPa  and  1 42  GPa,  respectively.  These  values  are  significantly  lower 
than  that  (254  GPa)  determined  by  Knoop  indentation  measurements.  Although  the  H-S 
bounds  are  merely  estimates,  they  were  calculated  using  clastic  moduli  of  the  individual 
components  that  were  determined  by  direct  measurements.  In  contrast,  Knoop 
indentation  method  is  an  indirect  measuring  technique  [Mar82]  and  hence  it  is  relatively 
less  accurate.  Therefore,  the  H-S  bounds  of  the  clastic  modulus  were  used  for  fracture 
toughness  calculations. 

Tables  D-V  and  D-VI  show  the  fracture  toughness  values  for  Si02  and  60/40 
SiOj/SijNj  samples  determined  from  Vicker's  indentations  made  using  500gf  (4.905  N) 
load.  For  the  60/40  SiOj/SijN,  samples,  the  H-S  bounds  were  used  in  eq.  (3.46)  to 
determine  the  range  of  fracture  toughness  (K,c)  values.  It  is  evident  from  Table  D-IV  that 
K|C  was  in  the  narrow  range  of  1.6  - 1.7  MPa  • mln.  The  fracture  toughness  could  not  be 
determined  on  the  porous  sample  because  the  cracks  generated  during  indentation  were 
not  well-defined. 


Tabic  D-V.  Results  from  fracture  toughness  measurements  on  dense  SiOj  samples.  The 
value  of  clastic  modulus  (E)  used  was  70  GPa. 


Table  D-VI.  Results 
SiCX/SijN,  samples 


fracture  toughness  measurements  on  fully  dense  60/40 


stant  (e,) 


kHz,  10kHz,  100kHz,  1MHz,  and  10  MHz.  Loss  tangents  (tan  8)  values  were  collected  at 
1 MHz.  Table  D-VII  shows  the  detailed  results  from  these  measurements.  The  dielectric 
mcasurmenls  were  less  accurate  at  lower  frequencies  since  the  capacitance  values  were 
obtained  with  fewer  significant  figures. 


I (e,)  and  Loss  Tangents  (tan  8)  for  Selc 


10  kHz  100  kHz  1 MHz  10  MHz  (I  MHz) 
3.80  3.810  3.821  3.872  0.0001 

3 zW  3.376  3.403  3.412  0.0001 

5.08  4.941  4.943  4.965  0.0002 

4.35  4.306  4.426  4.402  0.0002 


3.109  3.101 


APPENDIX  E 

ARCHIMEDES  DENSITY  RESULTS 


Tabic  E-U.  Densification  data  for  Series  II 60/40  SiOySijN<  samples  with  the  controlled 


i UI  Rod-Shaped 


Table  E.-II1.  Green  Density  Data  for  Presintered  (800°C,  2h)  Series 
Samples  used  for  Dilatomctcr  Experiments. 

Si02  /SijN,*  Bulk  Density  Open  Porosity  Apparent  Density 

(gW)  <%)  (g/cm3) 


SO/SO  A 


60/40  B 


1.729 


1.61 1 
1.605 


Table  E-1V.  Green  Density  Data  for  Presir 
Samples  used  for  Isothermal  Sintering  Experin 


(800°C,  2h)  Seric 
at I22S°C. 


Table  E-V.  Dcnsificaiion  Data  for  Batch  3 SiO;  Disk-Shaped  Samples  Sintered  at  1225°C 
in  Flowing  N;. 


Isothermal 
Time  (min) 

Bulk  Density 

Open  Porosity 
(%) 

Apparent  Density 
(g/cm3) 

2.5 

1.492 

32.2 

2.201 

32.3 

2.190 

3 

1.526 

30.3 

2.191 

1.52* 

30.5 

26.9 

2.1*6 

10 

1.941 

11.3 

2.11* 

1.945 

in 

2.192 

15 

2.101 

4.0 

2.095 

3.6 

2.173 

30- 

2.201 

0.1 

2.203 

2.181 

0J 

2.188 

62* 

2.174 

0J 

2.110 

2.1*8 

0.0 

2.188 

135* 

0.5 

Table  E-Vl.  Dcnsification  Data  for  Series  II  85/15  SiOj/SijN,  Disk-Shaped  Samples 
Simered  ai  1225°C  in  Flowing  N;. 


Time  (min) 

(g/cm3)  ' 

Open  Porosity 
<%) 

Apparent  Density 
(g/cm3) 

2.5 

1.743 

24.9 

2325 

5 

1.840 

21.8 

2.353 

1.839 

21.7 

2.349 

10 

16.3 

2355 

15 

2.131 

9.4 

2352 

2.130 

9.1 

2342 

2.247 

4.0 

2.341 

30 

2302 

1.1 

2328 

2.309 

0.8 

2.327 

45 

2339 

03 

2.344 

- 

2.346 

0.2 

2347 

Table  E-VI1.  Dcnsification  Dala  for  Series  III  60/40  SiOj/Si3Ni  Disk-Shaped  Samples 
Sintered  al  122S°C  in  Flowing  Nr. 

Isothermal  Bulk  Density  Open  Porosity  Apparent  Density 
Tune  (min)  (g/cmJ)  (%)  (g/cm3) 


2-365 

2.425 

2565 


2.551 

2.550 


2,599 

2,592 


Table  E-VIII.  Densification  Dala  for  Series  III  50/50  SiCySbNj  Disk-Shaped  Samples 
Sintered  at  I225°C  in  Flowing  N2. 


Isothermal 

Bulk  Density 

Open  Porosity 

Apparent  Density 

Time  (min) 

(g/cm3) 

<%) 

(g/cm3) 

5 

1.789 

33.5 

2.680 

10 

1.891 

30.0 

2.701 

1.886 

30.3 

2.704 

20 

1.952 

27.8 

2.705 

30 

2.088 

22.8 

2.704 

2.092 

22.7 

2.707 

« 

2.206 

18.7 

2.713 

2.209 

18.4 

2.707 

60 

2.220 

18.1 

2.7,1 

90 

2.320 

14.5 

2.713 

160 

2J20 

14.6 

12.6 

2.716 

240 

2.426 

10.6 

2.714 

2.422 

10.7 

2.712 

2.529 

4.1 

2.638 

2.546 

Table  E-IX.  Dcnsification  Data  for  Series  HI  40/60  SiOj/SijN,  Disk-Shaped  Samples 
Sintered  at  1225°C  in  Flowing  N?. 


Isothermal  Bulk  Density  Open  Porosity  Apparent  Density 

Time  (min)  (g/cm3)  (%)  (g/cm3) 


1.954 


2.793 

2.798 

2.799 


22.1 

20.7 

21.0 


SiOj/SijNj  Disk-Shaped  Samples 


Table  E-Xl.  Dcnsification  Data  for  Disk-Shaped  85voi%  Si02  + l5vol%  Si3N4  Panicle 
Mixture  Samples  Sinlered  at  1225"C  in  Flowine  N;. 


Isothermal  Bulk  Density  Open  Porosity  Apparent  Density 
Time  (min)  (g/cmJ)  (%)  (g/cm1) 


2.357 

2J3« 

2.3S9 


2.331 


2.255 

2.257 


APPENDIX  F 

DATA  ANALYSIS  FOR  RHEOLOGICAL  MEASUREMENTS 


Suspension  rheological  flow  characteristics  (shear  stress,  x,  versus  shear  rate,  y . 
behavior)  were  determined  using  a concentric  cylinder  viscometer',  in  the  shear  rate  ranges 
ofO  - 100  s'1  and  0 - 1000  s'1,  respectively.  For  each  measurement,  the  shear  rate  was  first 
increased  to  the  maximum  value  in  2 min  (to  obtain  the  ‘hip-curve")  and  subsequendy 
reduced  to  zero  in  2 min  (to  obtain  the  "down-curve’’).  The  data  corresponding  to  the  first 
-10%  of  the  shear  rate  range  from  each  of  the  two  measurements  were  not  used  for 
viscosity  calculations.  The  remaining  data  points  (i.e.,  corresponding  to  -10  - 100  s ' and 


-100  - 1000  s'1,  for  the  two  measurements,  respectively)  from  both  measurements  were 
merged  and  fitted  to  smooth  curves  using  a curve-fitting  algorithm1.  Rheological 
measurements  were  carried  out  for  -21  vol%  PS  particle  suspension,  -36  vol%  Series  II 
60/40  composite  powder  suspension  and  -30  vol%  mixed  particle  suspensions  containing  0 
and  -1 2 vol%  PS  particles  (in  a mixture  of  Series  II 60/40  microcomposite  particles  and  PS 
particles).  Figure  F-I  and  F-2  show  the  plots  of  shear  stress  vs  shear  rate  (corresponding  to 
both  “up"  and  "down"  curves)  in  the  shear  rate  ranges  of -10  - 100s'1  and  -100  - 1000s'1, 
respectively.  For  both  plots,  the  symbols  represent  the  experimental  data,  while  the  solid 
line  represents  the  fitted  values.  Viscosity  values  for  these  suspensions  were  calculated 
from  the  flow  curves  using  cq.  (3.30). 


SHEAR  RATE  (s’) 


SHEAR  RATE  (s  ') 

(b) 

Figure  F- 1 . Plots  of  shear  stress  vs.  shear  rate  for  PS.  Series  II  SiCVSijN,.  and 
mixed  particle  suspensions  in  the  range  of  10-100  s'1.  The  solid 
lines  are  the  curves  fit  to  the  experimental  data. 


SHEA(b)RATE " 1 

Figure  F-2.  Plots  of  shear  stress  vs.  shear  rate  for  PS,  Series  I!  SiOj/SijN,  and 
mixed  particle  suspensions  in  the  range  of  100-1000  s '.  The  solid 


APPENDIX  G 

POROSIMETRY  ON  Si02/PS  COMPACTS 


Some  preliminary  experiments  were  carried  out  to  demonstrate  the  ability  to 
incorporate  controlled,  closed,  spheroidal  porosity  in  Sift  matrices  by  using  the  approach 
described  in  Section  2-4,  Separate  well-dispersed  aqueous  suspensions  of  both  PS  and 
batch  1 Si02  powders  were  initially  prepared.  The  suspensions  were  stabilized  against 
flocculation  by  adjusting  the  pH  to  -9  and  ultrasonicating  for  -2  hours  to  break  down  the 

prepared  by  combining  -35  vol%  Si02  suspension.  -15  vol%  PS  suspension  and 
deionized  water  in  a proportion  such  that  the  overall  Si02/PS  powder  volume  ratio  was 
95/5.  This  suspension  was  used  to  slip-cast  disk-shaped  compacts  (-2-3  mm  thick  and 
-19  mm  diameter).  After  casting  for  -48  horns,  the  compacts  were  dried  at  I00“C  for  12 
hours  in  a vacuum  oven  and  subsequently  stored  in  a vacuum  desiccator.  Some  compacts 
were  pre-sintcred  (to  pyrolyze  the  PS  particles  and  provide  green  strength)  using  a heating 
schedule  identical  to  that  shown  in  Figure  3.6,  except  that  the  final  temperature  was  only 
— 700°C  (compared  to  800°C  in  Figure  3.6). 

The  dried  and  pre-sintcred  compacts  were  characterized  by  mercury  porosimetry1 
to  obtain  pore-size  and  pore-volume  information.  The  detailed  measurement  procedure 
can  be  found  in  Section  3.4.  The  powder  densities  of  SiCh  (calcined  200°C)  and  PS 
particles  were  assumed  to  be  2.10  g/cmJ  [Sac84a|  and  1.05  g/cm1,  respectively.  These 
values  were  used  to  estimate,  by  linear  interpolation,  the  average  powder  density  for  the 
dried  compact.  This  value  was  determined  to  be  2.05  g/cm3  for  a Si02/PS  volume  ratio 


of  95/5.  For  the  pre-sintcred  samples,  the  SiO;  powder  density  was  assumed  to  be  2.18 

Figure  G-l  shows  plots  of  pore  volume  vs  pore  radius  for  both  dried  (100°C)  and 
pre-sintcred  (800°C)  samples.  Based  on  the  maximum  intruded  volumes,  the  percent 
porosities  in  the  two  samples  were  calculated  to  be  39.6%  and  39.7%,  respectively. 
(Despite  the  differences  in  the  total  intruded  volumes,  the  pore  volume  percent  for  both 
the  samples  are  similar.  This  is  due  to  the  difference  in  the  assumed  true  densities  of  2.05 
and  2.18  g/cmJ,  respectively,  for  the  two  samples.)  It  is  evident  from  Figure  G-l  that  for 

radii  below  -30  nm  (i.e.,  as  the  mercury  pressure  was  increased  above  -3530  psi,  which 
corresponds  to  a pore  channel  radius  of  30  nm).  In  contrast,  mercury  intrusion  in  the 
dried  samples  continued  to  occur  at  pressures  corresponding  to  much  lower  pore  channel 
radii.  This  seems  to  indicate  that  at  relatively  high  pressures  (greater  than  -3530  psi),  the 
PS  particles  deform  (shrink)  and  the  decrease  in  volume  is  compensated  by  a 
corresponding  increase  in  the  intruded  volume.  In  order  to  quantify  the  effect  of  this 
deform-l.on,  the  intrusion  data  corresponding  to  pore  channel  radii  less  than  -30  nm  was 
neglected.  The  corrected  intruded  volume  (i.e.,  total  intruded  volume  corresponding  to 
pore  channel  radii  greater  than  -30  nm)  for  the  dried  sample  was  determined  to  be  -0.301 
cmJ/g  (0.3006  cmJ/g  at  a radius  of  29.5  nm,  as  shown  in  Figure  G-l)  which  corresponds 

of  the  solid  volume  was  occupied  by  SiOi,  the  concentration  of  SiOj  in  the  bulk  volume 
was  0.95*61.9  = 58.8  vol%.  If  during  the  pre-sintering,  complete  burnout  of  the  PS 
particles  occurred  and  the  Si03  did  not  undergo  any  significant  densifreation,  the  relative 

compact  is  expected  to  be  41.2%.  This  is  slightly  higher  than  the  measured  value  of 
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case,  some  of  the  intruded  volume  corresponding  to  pore  c 
would  have  been  a result  of  the  deformation.  If  this  intruded  volume  was  subtracted 
from  the  total  intruded  volume  assumed  earlier,  lower  pore  volumes  (compared  to  4 1 .2%) 
would  be  estimated  for  the  dried  and  pre-sintered  compacts. 

This  analysis  demonstrates  that  reliable  pore  size  measurements  cannot  be  carried 
out  on  as-cast  samples  containing  PS  panicles. 


APPENDIX  H 

DILATOMETRY  RAW  DATA 


30/70  SiOj/Si3N4 
Heating  Rate:  -10°C/min 


Temperature  (°C) 

re  H-l.  Plots  of  corrected  axial  shrinkage  vs.  temperature  for  two  independent  30/70 


Figure  H-2.  Plots  of  corrected  axial  shrinkage  vs.  temperature  for  two  independent  40/60 
Si02/SijN4 samples  heated  at  ~I  l°C/min  in  the  dilatometer. 


Figure  H-3.  Plots  of  corrected  axial  shrinkage  vs.  temperature  for  two  independent  50/50 
SiCySijN,  samples  heated  at  -1  l“C/min  in  the  dilatometcr. 


Temperature  (°C) 


Figure  H-4.  Plots  of  corrected  axial  shrinkage  vs.  temperature  for  two  independent  60/40 
SiOj/SijN, samples  heated  at  -1  l°C/min  in  the  dilatometer. 


Temperature  (°C) 


Figure  H-S.  Plots  of  corrected  axial  shrinkage  vs.  temperature  for  a 60/40  SKySi3N4  sample 


Temperature  (°C) 


Figure  H-6.  Plots  of  corrected  axial  shrinkage  vs.  temperature  for  a 60/40  SiOj/SijN,  sample 
heated  at  -WC/min  in  the  dilalometer. 


APPENDIX  I 

X-RAY  PHOTOELECTRON  SPECTROSCOPY  (XPS)  PLOTS 
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APPENDIX  J 

NITROGEN  GAS  ADSORPTION  AND  DESORPTION  ISOTHERMS 
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APPENDIX  K 

PARTICLE  SIZE  DISTRIBUTION  PLOTS 
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APPENDIX  L 

BOROSIUCATE  GLASS  / ALUMINA  COMPOSITES 
L-l.  Iniroduclion 

Sacks  el  al  [Sac9Ia]  prepared  composile  powders  consisting  of  inner  cores  of 
AhOj  and  outer  coatings  of  amorphous  SiO;.  Slip-cast  samples  were  prepared  from 
particles  with  -27/73  volume  ratio  of  SiOi/AliOj  using  the  same  procedure  as  that 
described  for  the  Series  III  SiO’/S^N*  compacts  used  for  the  isothermal  densilication 
studies  (see  Sections  3 3 and  3.4).  The  SiOj/AJjO,  compacts  were  pre-sintered  in  air  at 
800°C  for  2 h and  the  bulk  density  of  these  samples  were  determined  to  be  -2.27  g/cm\ 
(If  the  theoretical  densities  of  S1Q2  and  AljOj  are  assumed  to  be  2.20  and  3.98  g/cm\ 
respectively,  the  true  density  of  the  composite  powder  compact  is  calculated  by  linear 
interpolation  to  be  3.50  g/cm3.  The  relative  density  of  the  pre-sintered  compact  is  then 
calculated  as  2.27  * 100  / 3.50  = -65%.  Therefore,  the  AfeOj  content  in  these  samples 
(-73  vol%)  is  significantly  higher  than  the  theoretical  value1  of  the  rigidity  threshold.  Le- 
the green  density  value  of  -65  vo!%.)  It  was  shown  that  these  samples  could  be  sintered 
to  lull  density  (i.e.,  almost  no  residual  porosity)  at  1300“C.  In  contrast.  SiCtySijNr 
composite  powder  compacts  with  only  60  voI%  SijNr  (i.e.,  equal  to  the  theoretical 
rigidity  threshold  of  -60  vol%)  approached  a limiting  density  of  -82%  under  the  same 
heating  conditions  (see  Section  4.3.6).  One  of  the  possible  explanations  for  this 


difference  in  densification  behavior  is  based  on  the  sinterability  of  AI2O3  at  these 
temperatures.  Recent  experiments  conducted  by  Wang  [K.  Wang  and  M.D.  Sacks, 
personal  communication.  1996]  showed  that  compacts  prepared  with  the  AI2O3  core 
particles  (with  essentially  the  same  particle  size  distribution  as  in  the  study  by  Sacks  ct  al 
[Sac91a])  could  be  sintered  to  nearly  full  density  at  -1300°C.  Based  on  this  result,  it  may 
be  argued  that  the  network  of  AI2O3  particles  which  formed  during  the  sintering  of  the 
SiOj/AhOj  compacts  is  not  "rigid"  (i.e.,  it  is  “sinterable")  and  therefore,  densification 
continued  even  after  the  network  was  established.  However,  further  experiments  (such  as 
detailed  microstruotural  evolution  studies)  are  necessary  to  confirm  this  hypothesis. 

One  approach  to  render  the  AI2O3  panicles  '•rigid"  involves  reducing  the  sintering 
temperature  of  the  composite,  such  that  the  AI2O3  panicles  are  non-sinterablc.  It  has  been 
shown  [Sac93]  that  the  incorporation  of  boria  in  the  SiC>2  coating  (i.e.,  to  produce 
borosilicatc  (BS)  glass  coatings)  significantly  reduces  the  viscosity  of  the  amorphous 
phase  and  therefore  results  in  significantly  lower  sintering  temperatures.  For  example, 
SiCVSisNi  and  BS  (-0.4  B:SiySijNr  composite  powder  compacts  with  -60/40  volume 
ratio  of  the  amorphous  phase/crystallinc  phase  were  sintered  at  various  temperatures. 
While  the  former  samples  reached  -100%  relative  density  at  -I300°C,  die  latter  samples 
could  be  sintered  to  the  same  density  at  only  -800°C.  Based  on  these  results  it  may  be 
reasonable  to  expect  that  composites  with  similar  coatings  (i.e.,  BS  glass)  and  AI2Os 
cores  would  also  sinter  at  relatively  low  temperatures.  Therefore,  it  would  be  interesting 
to  study  the  densification  behavior  of  BS  glass/AhOs  composites  with  a relatively  high 
volume  fraction  of  AI2O3  cores  and  compare  that  with  the  densification  behavior  of 


volume  fraclion  of 


panicles.  In  this  appendix,  experiments  performed  using  composite  powders  consisting 
of  inner  cores  of  AI2O3  and  outer  coatings  of  amorphous  borosilicate  (BS)  arc  described. 


I.  Filtration  of  Ethanol 

The  filtration  procedure  was  the  same  as  that  described  in  Section  B.2. 

II.  Preparation  of  AI2O3  Suspension 

1.  Rinse  a 125  ml  plastic  bottle  with  filtered  ethanol  and  weigh  out  76  g (94  ml 
assuming  a density  of  0.8 1 g/ml)  of  ethanol  into  it. 

3.  Weigh  out  0.0748  g of  IClucel  E1  and  add  it  to  the  ethanol  while  stirring. 

4.  Weigh  out  7.475  g of  fractionated  AljOj  powder1  and  add  it  gradually  to  the 

5.  Remove  the  stirrer  and  mix  1 5 minutes  on  a paint  shaker* *. 

6.  Sonicate  for  2 hours  and  shake  suspension  after  each  30  min  of  sonication. 

III.  Preparation  of  Alkoxide  Mixture 

1-  Rinse  a 2 1 Erlenmeyer  flask  with  ethanol  and  add  656  ml  of  ethanol  into  it.  Add  a 


J Alco  Chemical  Co„  Hinjdalc.  II. 

* Model  5400,  Red  Devil  Equipment  Co..  Brookl)n  Path,  MN 


2.  Rinse  a 250  ml  Erienmeyer  flask  wilh  ethanol.  Measure  out  180  ml  ethanol  in  a 
200  ml  graduated  cylinder  and  transfer  it  into  the  flask.  Add  a 1"  magnetic  stirrer  and 
start  stirring. 

3.  Weigh  out  6.496  g of  TEOS’  and  add  it  to  the  250  ml  flask  while  stirring. 

4.  Measure  out  4.95  ml  of  tributyl  borate  (TBB)“  and  add  it  to  the  250  ml  flask  while 

5.  Wait  for  5 min  to  ensure  that  the  TEOS,  TBB,  and  ethanol  are  mixed  thoroughly. 

IV.  Coating  Procedure 

1.  Add  the  sonicated  AljOj  / ethanol  suspension  to  the  2 1 flask  while  stirring  at 

2.  Add  the  TEOS  / TBB  / ethanol  solution  to  the  2 1 flask. 

3.  Measure  out  228  ml  of  concentrated  (-29  wt%)  NH.OH  from  a freshly  opened 
bottle  into  a 500  ml  graduated  cylinder. 

4.  Add  the  NH.OH  rapidly  (within  -5  s)  into  the  2 1 flask. 

5.  Cover  the  2 1 flask  with  Parafilm  and  keep  the  mixture  stirred  at  maximum  speed 
for  I hour. 

V.  Filtration  and  Washing 

1 . Filter  the  suspension  through  a filter  paper’  using  a teflon  coated  pressure  filtration 
apparatus'.  The  filtration  is  carried  out  at  -50  psi  pressure. 


6 Reagent  Grade.  Fisher  Scientific.  Fair  Lawn.  Nt 
1 0.22am  nylon,  Fisher  Scientific.  Fair  Lawn.  NJ 
' -6“  din,  Millipore  Corp..  Bedford.  MA 


2.  Keep  the  suspension  in  the  2 I flask  stirring  until  all  of  it  is  transfer 


nitration  chamber.  Collect  all  of  the  ethanol  / NHjOH  / TEOS  waste  in  one  container. 

3.  Measure  out  2 1 of  flltcicd  ethanol.  Wash  the  filtered  powder  by  running  the 
ethanol  through  the  nitration  chamber. 

4.  Collect  the  washed  powder  in  a 125  ml  plastic  bottle  and  disperse  in  100  ml  of 
filtered  ethanol. 

VI.  Redispersion  and  Washing 

1 . Sonicate  suspension  for  1 hour  with  a 5 minute  cooling  break  after  30  minutes. 

2.  Pour  1800  ml  of  nitered  ethanol  into  a 2 I plastic  bottle.  Add  the  sonicated 

3.  Age  8 hours  on  a roller  mill. 

4.  Filter  the  aged  suspension  using  a pressure  nitration  apparatus  with  niter  paper’. 

5.  Dry  the  filtered  powders  in  a vacuum  oven  at  80°C  for  12  h. 

6.  Grind  the  diy  powders  with  an  alumina  pestle  and  mortar.  Transfer  the  ground 
powder  into  a plastic  bottle  and  store  in  a vacuum  desiccator. 


L.3.  Consolidation  and  Heat  Treatment 

The  BS/AlnO,  powder  was  dispersed  in  nitered  ethanol  (at  a solids  concentration 
°f  '3°  vol%>  “*'"E  ultrasonication  for  -2  h to  break  down  agglomerates  and  the  addition 
of  I wt%  (in  solids)  PVP  K-15“  to  achieve  stabilization  against  flocculation.  Slip^as, 
samples  were  prepared  by  pouring  suspensions  into  teflon  molds  (-20  mm  in  diameter) 
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Table  L-I.  Table  of  Simcred  Densities  for  BSAMI203  Samples. 
Temperature  ("C)  pb„|k  (g/cmJ)  Open  Porosity  (%)  pw  (g/cmJ) 


personal  communication.  1996]  prepared  BS  gla 


I SijN<  composite  powders  using  i 


method  similar  to  that  described  in  Section  L.2.  He  showed  from  HF  leaching  experiments 
that  the  convention  of  TBB  to  B;Oj  occurred  with  yields  less  than  100%.  Therefore,  the 
actual  density  of  the  BS  glass  coating,  and  hence  the  actual  density  of  the  composite,  may 
be  higher  than  the  calculated  value.  The  error  in  the  calculated  composite  density  may  have 
been  partially  compensated  for  by  the  fact  that  the  calculated  volume  fraction  of  BS  glass  is 
higher  than  the  actual  value.)  Substituting  these  values  in  eq.  (LI).  V was  calculated  to  be 
0.4718  enr/g.  Therefore,  the  true  density  of  the  glass  phase  is  1/V  or  2.12  g/cm3. 
Assuming  that  the  composite  has  the  nominal  volume-based  composition  of  39/61 
BS/AIjO,,  and  that  the  true  density  of  AIjO,  is  3.98  g/cm3.  the  true  density  of  the  composite 
was  estimated  by  linear  interpolation  to  be  (0.39-2.12  + 0.61*3.98)  = 3.25  g/cmJ. 

Table  L-l  shows  that  the  apparent  density  value  was  -3.27  g/cm3  for  samples 
heated  in  the  temperature  range  of  500-800"C.  This  value  is  in  reasonable  agreement 
with  the  estimated  true  density  value  of -3.25  g/cm3.  Table  L-I  also  indicates  that  the 
apparent  density  increased  gradually  to  -3.39  g/cm3  as  the  sintering  temperature  increased 
to  950°C.  Possible  reasons  for  the  increase  in  apparent  density  are  discussed  below: 

(1)  There  may  be  a decrease  in  closed  porosity  between  800  and  950“C.  It  is 
possible  that  fine  pores  (such  as  those  described  in  Table  4.18  for  Series  III  SiOs/SijN* 

accessible  to  ethanol  during  Archimedes  density  measurements.  (Nitrogen  gas  adsorption 
measurements  are  necessary  to  assess  the  contribution  of  such  porosity  to  the  total 
porosity.)  However,  it  was  shown  in  Section  4.3.1  that  for  40/60  SiCtySijN,  powders. 


such  pores  were  almost  completely  eliminated  (or  "sintered  out")  by  heating  to  600°C. 
The  -39/61  BS/ATO3  powders  used  in  this  appendix  presumably  had  a composition  (i.e. 
volume  ratio  of  the  amorphous  and  crystalline  phases)  similar  to  the  40/60  SiOi/Si3N< 
powders.  Moreover,  the  addition  of  boron  into  SiC^  reduces  the  viscosity  of  the 
amorphous  phase.  Therefore,  it  may  be  reasonable  to  expect  that  heat  treatment  at  800°C 
would  be  sufficient  to  eliminate  (or  "sinter  out")  any  fine  porosity  which  may  be  present 
in  the  composite  particles. 

(2)  During  heat-treatment,  boron  may  be  removed  fiom  the  BS  coating  as  boric 
oxide  by  leaching  and  subsequent  volatilization.  The  effect  of  boron  removal  can  be 
assessed  by  performing  a simple  calculation.  First,  it  is  assumed  that  all  the  boron  is 
removed,  i.e.,  the  composite  is  comprised  of  only  SiO.  and  A1203.  This  is  equivalent  to 
performing  the  coating  (see  Section  L.2)  without  the  addition  of  TBB,  Based  on  the 
amounts  of  TEOS  and  AI203  used  in  the  coating,  the  expected  volume  ratio  of 
Si02/Al20j  is  -31/69,  (It  was  assumed  that  the  TEOS  completely  converted  to  Si02  and 
that  the  true  densities  of  SiO;  and  AI203  were  2.20  and  3.98  g/cm\  respectively.) 
Therefore,  the  true  density  of  the  composite  is  calculated  to  be  0.31x2.2  + 0.69x3.98  = 
3.43  g/cm3.  This  is  only  slightly  (-1%)  higher  than  the  measured  apparent  density  after 
the  I050°C  heat  treatment.  These  calculations  seem  to  indicate  that  most  of  the  boron 
presumably  volatilized  as  boric  oxide  upon  healing  at  relatively  high  temperatures. 

(3)  Crystallization  of  BS  glass  at  relatively  high  temperatures  could  have 
contributed  to  the  increase  in  apparent  density.  However,  detailed  XRD  analyses  will  be 
necessary  to  confirm  this  hypothesis.  It  is  noted  that  previous  studies  [Sac93,  D.  Kisailus 


no!  provide  any  evidence  of  such  crystallization  behavior. 

Figure  L-l  shows  plots  of  bulk  density  and  open  porosity  vs.  temperature  for 
BS/AljOi  samples  described  in  this  section  and  -39/61  SKVAI2O1  composite  powder 
compacts  used  in  the  study  of  Sacks  el  al  [Sac9la],  The  compacts  prepared  with  the 
SiQj/AlaQj  composite  powder  show  no  significant  change  in  density  until  the  temperature 
exceeds  -1 150°C,  while  the  compacts  prepared  with  the  BS/AI2O3  composite  powder  start 
to  show  an  increase  in  bulk  density  and  a decrease  in  open  porosity  by  -900“C.  The  former 
samples  reach  a maximum  bulk  density  of  -3.27  g/cm3  at  I400°C.  (The  reduction  in 
density  at  1500“C  was  anributed  to  the  volume  expansion  associated  with  the  reaction 
between  SiO;  and  AI2O3  to  fotm  mullite  [Sao91a].)  In  contrast,  the  latter  compacts  seemed 
to  attain  a transient  maximum  density  of  -2.67  g/cm3  at  ~1025°C  but  underwent  lurther 
densification  when  heated  at  temperatures  greater  than  1050“C.  One  possible  explanation 
for  the  sintering  behavior  of  the  latter  samples  is  described  below.  The  AI2O,  core  panicles 
approach  each  other  as  the  compact  undergoes  densification  by  viscous  flow  of  the  BS 
coating.  At  ~1025°C,  the  rigidity  threshold  is  attained  and  the  AI2O3  particle-panicle 
network  impedes  the  densification  process.  (The  theoretical  rigidity  threshold  can  be 
estimated  as  follows.  If  it  is  assumed  that  the  pre-sintered  sample  comprised  only  open 
pores,  the  green  density  and  hence  the  theoretical  rigidity  threshold  would  be  -64%  (from 
Table  L-l).  The  change  in  apparent  density  with  temperature  complicates  the  calculation  of 
the  experimental  value  of  the  rigidity  threshold  since,  as  discussed  earlier,  the  relative 
volume  fractions  of  BS  glass  and  AUOj  also  presumably  changes  with  temperature.) 


TEMPERATURE  (°C) 


Figure  L- 1 . Plots  of  (a)  bulk  density  vs.  temperature  and  (b)  open  porosity  vs. 
temperature  for -39/61  BS/AI20,  and  -39/61  SiOj/AlaO,  [Sac9la] 
compacts  prepared  from  microcomposite  particles' 


when  the  compacis  are  heated  to  temperatures  >1050°C,  further  densification 

further  experiments  are  necessary  to  confirm  this  intcipretation.  First,  chemical  analyses  are 
needed  to  determine  if  changes  in  boron  content  (and  hence,  changes  in  the  B:Si  ratio  in  the 
glass  and  changes  in  the  BS  glass/Al2Oj  volume  ratio)  with  temperature.  This  is  because  a 
decrease  in  boron  content  increases  the  silicate  glass  viscosity  and,  therefore,  decreases  the 
dcns.f.c»tron  rale,  if  the  boron  content  changes  significantly  with  temperature,  it  would 
further  complicate  the  analysis  presented  above.  Second,  the  sintering  experiments  should 
be  repeated  on  another  set  of  samples  to  check  the  reproducibility  of  the  densification 
behavior.  The  temperature  range  corresponding  to  the  transient  maximum  density  is  only 
~25°C.  Therefore,  errors  in  temperature  measurement  and/or  inconsistencies  in  the  sample 
placement  in  the  furnace  may  result  in  an  “apparent”  transient  density.  Third.  SEM  of 
polished  and  etched  cross-sections  of  the  sintered  samples  may  be  carried  out  to  study  the 
microstructure  evolution.  This  would  provide  further  insight  into  the  changes  in  the 
particle-particle  contacts)  during 


of  AI;Oj 


APPENDIX  M 

OXIDATION  OF  SijN4  COMPACTS 


This  appendix  will  report  Ihe  results  from  some  preliminary 
concerning  a unique  oxidative  processing  lechnique  to  fabricate  Si02/Si3N4 


investigations 


Si3N4  + 302T  -*  3SiOj  + 2NjT  (M-l) 

In  the  current  study,  partial  oxidation  reactions  were  carried  out  to  prepare  composites 
with  SiO;/Si3N4  volume  ratios  of  38/62, 45/55,  and  50/50.  The  calculations  involved  in 
the  preparation  of  38/62  composite  samples  are  described  below.  If  a sample  has  an 
initial  volume  of  the  solids  of  100  cm5,  it  would  be  comprised  of  38  cm5  of  SiO>  and  62 
cm5  of  Si3N4.  If  the  true  densities  of  Si02  and  Si3N4  were  assumed  to  be  2.20  and  3. 1 9 g/ 
cm3,  respectively,  the  weights  of  the  two  components  would  be  38  x 2.20  = 83.6  g and 
3.19  x 62  = 197.8  g.  respectively.  Since  the  molecular  weights  of  Si02  and  Si3N4  are  60  g 
and  140  g.  respectively,  the  number  of  moles  of  the  two  components  can  be  calculated  as 
83.6/60=  1.39  and  197.8/ 140=  1.41,  respectively.  If  it  is  assumed  that  the  SiC>2  forms 
by  the  partial  oxidation  of  SisN4,  the  formation  of  1.39  moles  of  Si02  would  require  1.39 
/ 3 = 0.46  moles  ofSi3N4  (from  eq.  (M-l)).  Therefore,  the  total  number  of  moles  of  Si3N4 


required  prior  lo  oxidaiion  would  be  1.41  + 0.46  = 1.87.  The  partial  oxidation  reaction 
for  Si,N4  corresponding  to  the  38/62  composition  can  now  be  expressed  by: 

l.87SijN4  + 1.390,7  ->  (1.41  Si3N4  + 1.39  SiO,)  + 0.93  N,t  (M-2) 
The  weight  gain  for  the  condensed  phases  foreq.  (M-2)  can  be  calculated  as  1.41  x 140  + 
1.39x60-  1.87  x 140-  19g.  Since  the  weight  of  the  starting  SijN4  is  1.87x  140  = 261.8 
g.  the  net  weight  gain  for  the  condensed  phases  is  19  x 100  / 261.8  = 7.2%.  The  volume 
expansion  of  the  condensed  phases  after  oxidation  is  1.41  x 140/3.19+  1.39x60/2.2- 
1.87  x 140  / 3.19  = 17.7  cm3.  Since  the  volume  of  the  starting  SijN4  is  1.87  x 140  / 3.19 
= 82.1  cm3,  the  net  expansion  in  volume  is  17.7  x 100  / 82.1  =21.6%. 

Similar  calculations  were  also  performed  for  the  45/55  and  50/50  compositions. 
The  partial  oxidation  reactions  for  these  samples  can  be  expressed  by: 

!.80Si,N4  + 1.65  0,T  -»  (1.25  Si,N4  + 1.65  SiO,)  + 0.90 N,T  (M-3) 
for  the  45/55  composition,  and 

1.75  SijN.  + 1.83  Ojt  -♦  (1.14  Si,N4  + 1.83  SiO,)  + 0.88  N,T  (M-4) 
for  the  50/50  composition.  The  weight  gain  values  (of  condensed  phases)  pertaining  to 
cqs.  (M-3)  and  (M-4)  are  8.9%  and  10.0%,  respectively.  The  corresponding  volume 
expansion  values  are  26.6%  and  30.2%,  respectively. 

M.3.  Experimental  Procedure 

The  Lot2  Si,N4  fractionated  powder  was  used  to  prepare  a concentrated  (-30 
vol%)  aqueous  suspension.  The  suspension  was  subjected  to  ultrasonicalion  for  -2  h to 
break  down  powder  agglomerates  and  pH  adjustment  (to  -9.6  using  3N  NHsOH  solution) 
to  achieve  electrostatic  stabilization.  The  consolidation  procedure  was  similar  to  that 


described  for  the  disk-shaped  Series  III  composilc  samples  (see  Section  2.4.1).  Slip-cast 


samples  were  prepared  by  pouring  the  suspension  into  molds  set 

on  porous  plaster  blocks. 

A 0.22  pm  cellulose  filter 

paper  was  placed  between  the  mold; 

s and  the  plaster.  Teflon 

molds  were  used  to  prepare 

i disk-shaped  compacts  (-2-3  mm  thic 

k and  -19  mm  diameter). 

The  compacts  were  dried  a 

I ~80°C  for  24  h in  air  and  subseque 

ntly  at  100°C  for  12  h in 

vacuum.  One  of  the  dried 

compacts  was  pre-sintered  in  a quart 

iz  tube  furnace1  at  800“C 

(heating  rate  ~2°C/min) 

for  2 h in  flowing  (-50  cmVmir 

i)  nitrogen  and  density 

it  - i 

the  medium.  Table  M-I  summarizes  the  results  from  these  measurements. 

Table  M-I.  Density  Results  for  800°C  (2  hi  Pre-Sinrered 

Measurement  No, 

Ptaii  (g/cm1)  % O.P. 

Own  (g/cmJ) 

1 

1.843  42.1 

3.183 

1-846  41.9 

3.177 

average 

1.84  42 

3.18 

One  of  the  dried  compacts  was  heated  in  a thermal  gravimetric  analysis  (TGA) 
apparatus1  (heating  rate  of  -lOT/min)  to  I200°C  in  a (lowing  (-60  cmVmin)  oxygen 
atmosphere  and  held  at  that  temperature  for  -4  h.  Figure  M-l  shows  plots  of  (a) 
temperature  vs.  time  (i.e..  the  temperature  profile)  and  (b)  weight  gain  vs.  time  for  the  SijN, 
compact.  It  was  established  ftom  Figure  M-l  that  the  total  hold  times  at  1200°C  required  to 
prepare  the  38/62, 45/55,  and  50/50  composite  compacts  were  -140  min  (for  -7.2%  weight 
gain).  -195  min  (for  -8.9%  weight  gain),  and  -245  min  (for  -10.0%  weight  gain). 


1000 


respectively.  Tliree  independent  samples  were  then  heated  under  these  conditions, 
respectively.  Sample  weights  measured  before  and  after  each  oxidation  experiment 
indicated  that  the  desired  amount  of  oxidation  occurred  (i.e.,  the  target  weight  gains  were 
achieved).  The  oxidized  samples  were  then  heated  to  successively  higher  temperatures  in  a 
tube  furnace'  in  flowing  (-60  cmVmin)  nitrogen.  After  each  heat  treatment,  density 
measurement  was  carried  out  using  the  Archimedes  displacement  method  with  water  as  the 
medium.  Polished  and/or  etched  samples  for  SEM  observations  were  prepared  using  the 

selected  samples  using  a diffractometer1  with  Ni-filtered  CuKa  radiation  and  a scan  rate  of 
37min.  Data  was  collected  in  the  20  range  of  5°  - 85”. 

M.4.  Results  and  Discussion 

Figures  M-2  (A)  and  M-2  (B)  show  the  XRD  patterns  for  the  45/55  and  50/50 
composite  samples,  respectively,  which  were  prepared  by  oxidation  of  the  SijN. 
compacts.  (The  weight  gain  values  corresponding  to  the  two  samples  were  -8.9%  and 
'10.0%,  respectively.)  The  crystalline  peaks  in  both  the  plots  correspond  to  a-  SijN,  while 
the  broad  peaks  centered  at  20  - 22°  are  characteristic  of  amorphous  SiO;.  These  results 
clearly  demonstrate  the  amorphous  nature  of  the  SiOr  formed  by  the  oxidation  of  Si3N4. 
Plucknctt  and  Wilkinson  [Plu93]  carried  out  oxidation  of  dry-pressed  a-Si)N,  powder 
compacts  in  a static  air  atmosphere.  The  samples  were  oxidized  at  various  temperatures 
between  950  and  1200°C  for  a duration  of  200  h.  The  SiOi  formed  by  oxidation  was 


1 Model  64259,  LindhergCo..  I 
Model  APD  3720.  Philips  Elec 


reported  for  the 


Table  M-II 

shows  the  results  from  the  density  mea 

surements  for  I 

Ihe  oxidation- 

derived  45/55  and  S 

0/50  composite  samples. 

Table  M 

-11.  Density  Results  for  1200°C  Oxidized  Si,N,  Comnac 

Time 

at  1200°C  Weight  Gain  p** 

%O.P. 

Psovrm 

Sample  ( 

min)  (%)  (g/cm3) 

(g/cm3) 

45/55 

195  8.9  2.064 

24.2 

2.711 

2.061 

24.1 

2.715 

50/50 

245  10.0  2.110 

21.2 

2.678 

2.101 

21.6 

2.680 

Assuming  the  true  d 

ensities  of  SiOj  and  SijNs  to  be  2.20  and 

3.19  g/cm3,  respectively,  the 

expected  true  densi 

ties  of  the  45/55  and  50/50  composite 

samples  was  c 

alculatcd  (by 

linear  interpolation) 

to  be  2.74  and  2.70  g/cm3.  respectively. 

ie  values,  the 

relative  densities  of  the  45/55  and  50/50  samples  (after  the  o> 

tidation  heat  tie 

atmenOwcre 

calculated  to  be  2.06  x 100  / 2.74  = 75.2%  and  2.1 1 x 100  / 

2.70  = 78.1%, 

respectively. 

Therefore,  the  total 

porosities  in  the  two  samples  were  24.8%  and  21.9%.  respectively. 

The  relative  density 

of  the  starting  Si3N4  compact  (prior  ti 

o oxidation)  w. 

as  calculated 

from  the  bulk  density  values  in  Table  M-l  (using  a true  density  value  of  3.19  g/cmJ)  to  be 

57.7%.  As  explaine 

d earlier,  there  is  a volume  expansion  a: 

ssociatcd  with  t 

he  oxidation 

process.  In  the  folio 

wing  treatment,  it  is  assumed  that  this  v 

olume  expansii 

jn  is  entirely 

accommodated  by  tl 

te  porosity  (or  "pore-filling''  takes  place 

0.  i e.,  the  inen 

ease  in  solid 

volume  results  in  an  equal  decrease  in  the  pore  volume.  (It  is  implicitly  assumed  that  the 
total  bulk  volume  remains  unaltered  during  oxidation.)  In  such  a case,  the  increase  in 
relative  density  associated  with  the  oxidation  process  for  the  formation  of  45/55  and 
50/50  samples  can  be  calculated  as  1.266  x 57.7  = 73.0%  (for  26.6%  volume  expansion) 
and  1.302  x 57.7  = 75.1%  (for  30,2%  volume  expansion),  respectively.  These  values  are 
in  reasonable  agreement  with  the  measured  relative  densities  of  75.2  and  78.1%, 
respectively.  This  seems  to  indicate  that  a significant  portion  of  the  increase  in  density  is 
presumably  associated  with  the  "pore-filling"  which  occurred  as  a result  of  the  volume 
expansion  during  oxidation.  The  difference  in  the  measured  and  predicted  values  of 
relative  density  may  be  attributed  to  the  densiftcation  of  the  composite  occurring  by 
viscous  flow  of  the  amorphous  SiO>  phase  formed  during  the  oxidation  step1.  However, 
it  may  be  necessary  to  continuously  monitor  the  dimension  change  in  the  samples  (e.g„ 
using  a dilatometer)  during  oxidation  in  order  to  confirm  this  interpretation. 

Table  M-III  shows  the  density  results  for  the  oxidized  samples  which  were 
successively  heated  to  higher  temperatures.  The  relative  densities  were  obtained  by 
assuming  the  true  densities  of  the  38/62,  45/55,  and  50/50  samples  (corresponding  to 
weight  gains  of  7.8,  8.9,  and  10.0%,  respectively)  to  be  2.81,  2.74,  and  2.70  g/cm3, 
respectively.  (These  values  were  calculated  by  linear  interpolation,  assuming  the  true 
densities  of  SiOj  and  SiiNa  to  be  2.20  and  3.19  g/cm3.  respectively.)  It  is  evident  from 
Table  M-III  that  the  45/55  and  50/50  composite  samples  underwent  significant 


Tabic  M-11I.  Density  Results  for  Oxidation-Derived  Cc 
Various  Temperatures.  (O.P.  = open  porosity) 


Sample 

Sintering 
Temperature  (°C) 

PtxSk 

<g/cm!) 

%O.P. 

(g/cmJ) 

(%) 

1300  (38  h) 

2.334 

16.2 

2.785 

2.326 

16.6 

2.789 

82.9 

1400  <2 

2.331 

15.8 

2.768 

2332 

16.0 

2.776 

82.9 

45/55 

1300  (2  h) 

2.456 

8.9 

2,696 

2.464 

8.3 

2.687 

89.8 

1300  (38  h) 

2.508 

0.2 

2.513 

2.507 

0.1 

2.510 

91.6 

1350  (2  h) 

2.518 

0.1 

2.S2I 

2.521 

0.1 

2.524 

92.0 

50/50 

1300(2h) 

2.560 

03 

2.565 

2.560 

0.1 

2.563 

94.8 

1300 (38  h) 

2,579 

0.2 

2.584 

2,576 

0.1 

2.579 

95.6 

1350  (2  h) 

2.585 

0.1 

2.S88 

2.586 

0.1 

2.589 

96.0 

sity  of  the  two  samples 


densification  after  sintering  at  1 300°C  for  2 h.  The  bulk  dens 
increased  from  2.06  and  2.1 1 g/cm3,  respectively,  to  2.46  and  2.56  g/cm\  respectively.  In 

respectively,  to  '9  and  -0%,  respectively.  (The  density  of  the  38/62  sample  was  not 
measured  after  the  oxidation  step  and,  therefore,  the  extent  of  densification  in  this  sample 
was  not  known.  However,  if  it  is  assumed  that  the  -21.6%  volume  expansion  associated 
with  the  formation  of  the  38/62  compact  was  completely  accommodated  by  "pore- 
filling",  the  relative  density  of  the  sample  prior  to  sintering  at  1300°C  (38  h)  would  be 
57.7  x 1.216  = 70.2%.  If  this  is  the  case,  it  can  be  deduced  from  Table  M-3  that  the 
relative  density  of  the  sample  increased  from  -70%  to  -83%  after  sintering  at  1 300°C  for 
38  h.)  All  the  samples  showed  minimal  (only  0-1%)  increases  in  relative  density  values 
after  heat  treatment  at  temperatures  higher  than  I300°C.  This  seems  to  indicate  that  the 
38/62,  45/55,  and  50/50  samples  attained  limiting  relative  densities  of  -83,  -92,  and 
-96%,  respectively.  The  concentration  of  SijN.  in  the  bulk  volume  (ratio  of  Si3N4  volume 
to  the  sum  of  Si3N4,  SiOj,  and  pore  volumes)  was  determined  for  38/62, 45/55,  and  50/50 
samples  after  the  limiting  densities  were  reached.  The  values  were  obtained  by  multiplying 
the  relative  density  by  the  nominal  SijN4  volume  fraction  in  the  composite.  The  calculated 
values  of  the  limiting  concentration  of  SijN4  in  the  bulk  volume  were  -51,  -51.  and  -48% 
for  the  38/62, 45/55,  and  50/50  samples,  respectively.  These  values  are  in  good  agreement 
with  the  rigidity  threshold  value  of  -49%  determined  for  composite  powder  compacts  (see 


*.3.6).  This1 


spatial  distribution  of  phases  (i.e.,  the  distribution  of  SiO;  and  SijN,  in  the  miciosmtcture) 

In  the  cummt  investigation,  the  oxidized  samples  were  not  heated  at  temperatures 
>I400°C,  Plucknen  and  Wilkinson  [Plu93]  pressurelcss  sintered  the  oxidized  SijNt 
compacts  (with  a —38/62  volume  ratio  of  SiOj/SijN,)  in  a high-purity  nitrogen  atmosphere 
with  the  samples  situated  in  a protective  "powder-bed"  of  50/40/10  (weight  fraction) 
BN/Si)N«/SiOj.  The  XRD  plots  of  compacts  sintered  at  1800°C  showed  that  the  major 
phase  present  was  SiiN;0  (silicon  oxynitride)  while  the  minor  phase  was  ct-SijNj.  It  is 
noted  that  similar  high-temperature  experiments  could  be  performed  on  the  samples  in  the 
current  study  to  study  the  formation  of  oxynitride. 

Figures  M-3  (AMC)  and  M-4  (A)-(B)  show  low  magnification  (270x)  SEM 
micrographs  for  polished  cross-sections  of  the  sintered  (1 35(A),  2 h)  oxidation-derived 
45/55  and  50/50  samples,  respectively.  For  each  sample,  (A),  (B)  and  (C)  denote  fields  in 
the  "top”,  "middle",  and  "bottom"  regions,  respectively.  (This  designation  was  based  on 

near  the  top  of  the  cast  sample.)  The  micrographs  show  the  presence  of  powder 
agglomerates  similar  to  those  reported  for  the  composite  samples  used  for  flexure  testing 
(see  Figures  4.37  and  4.38).  It  is  also  evident  that  concentration  of  these  defects  are 
seemingly  higher  in  the  “middle"  and  “bottom"  regions  in  comparison  to  the  "top" 
region".  This  would  seem  to  indicate  that  the  agglomerates  were  present  in  the 
suspension  used  for  slip-casting,  and  that  they  presumably  segregated  (due  to 
gravitational  forces)  to  the  lower  regions  of  the  sample.  Figures  M-5  (A)-<C)  and  M-6 


Figure  M-3.  SEM  micrographs  (270x  magnification)  of  polished  cross-sections  of  the 
oxidation-derived  45/55  sample  sintered  at  1350"C  for  2 h.  (A),  (B)  and  (C)  denote  fields 
in  the  "top",  "middle”,  and  "bottom"  regions,  respectively.  (This  notation  is  based  on  the 
as-cast  configuration.  For  c.g„  "top"  denotes  the  region  of  the  cross-section  near  the  top 
of  the  cast  sample.) 


(A>(C)  show  highe 


er  magnification  (4000x)  micrographs  of  the  regions  corresponding  to 
the  microstnictures  shown  in  Figures  M-3  (A)-(C)  and  M-4  (AHC),  respectively.  For 
any  given  region,  the  45/55  sample  showed  greater  amounts  of  porosity  than  the  50/50 
sample.  This  observation  is  consistent  with  the  lower  relative  density  measured  for  the 
45/55  sample  (Table  M-III).  It  is  also  evident  from  Figures  M-5  (A)-(C)  and  M-6  (AHC) 
that  for  each  sample,  there  are  greater  amounts  of  porosity  in  the  “middle"  region  relative 
to  the  “top”  and  “bottom"  regions.  The  likely  reason  for  this  is  that  the  surface  of  the 

interior  (i.e.,  the  “middle”  region).  In  such  a case,  the  concentration  of  the  SiOj  phase 
would  be  larger  in  the  surface  relative  to  the  bulk,  which  would  then  result  in  relatively 
higher  dcnsification  for  the  regions  near  the  surface.  The  non-uniform  oxidation  behavior 

(1)  the  diffusive  flow  of  oxygen  into  the  open  pore  channels  and  removal  of  nitrogen 
through  the  same  channels,  and  (2)  the  reaction  of  oxygen  with  SijN,.  Plucknett  and 
Wilkinson  [Plu93]  showed  that  at  low  oxidation  temperatures  (~1000°C).  the  latter 
process  is  sluggish  and  a uniform  level  of  oxidation  is  observed  in  the  bulk  and  on  the 
surface.  This  was  consistent  with  the  parabolic  nature  of  the  oxidation  kinetics.  In 
contrast,  at  higher  temperatures,  the  reaction  of  oxygen  with  Si3N<  is  considerable  faster, 
and  the  concentration  of  Si02  was  the  highest  at  the  surface  and  reduced  gradually  into 
the  bulk  region.  This  was  reflected  by  the  asymptotic  oxidation  kinetics  exhibited  at 
these  temperatures.  In  the  cunent  study,  more  uniform  oxidation  may  be  presumably 


achieved  by  healing  to  relatively  lower  temperatures  (<I200°C)  for  relatively  longer 

Figures  M-7  (AMC)  and  M-8  (A)-(C)  show  high  magnification  (25,000x) 
micrographs  of  the  regions  corresponding  to  the  microstructures  shown  in  Figures  M-4 
(AMC)  and  M-4  (AMC),  respectively.  The  microstructures  are  similar  to  those  obtained 
for  composite  powder  compacts  (see  Figures  4.90  (C)  and  (D)).  This  indicates  that  the 
oxidation  process  presumably  resulted  in  the  formation  of  Si02  coatings  on  individual 
Si3Ni  particles.  The  uniformity  of  these  coatings  may  be  rigorously  assessed  by 
quantitative  microscopy  measurements  such  as  described  in  Section  4.3.4. 


cring  [Eks92]  ofSiO;  and  SijN4  has 
ives  of  magnesia,  ytlria,  and/or  alu 


a,  or  by  hot-pressing 


. The  r 


ig  of  pti 


silicon  oxynitride  (Si2NjO)  involves  a transient  melt  of  silica  in  which  the  initial  Sijl« 
grains  dissolve  and  SijNjO  grains  re-precipitate  and  grow.  The  kinetics  of  this  process 

comparison  to  the  eutectics  formed  with  additives.  Weight  loss  during  sint 
generally  suppressed  by  increased  nitrogen  pressures  ('I  MPa)  combined  with  a 
protective  bed  of  the  oxynitride  composition  (1:1  mole  ratio  of  Si02:Si3N4)  around  the 
green  body.  Larker  [Lat92]  sintered  mixtures  of  Si02  and  SijN,  by  HIPing  at 
temperatures  in  the  range  of  1700°C  to  1950°C.  He  demonstrated  that  oxynitride  formed 
at  temperatures  2 1700°C  and  that  the  amount  of  this  phase  increased  from  -5%  at 
1700°C  to  >80%  at  1800"C.  The  objective  of  the  following  experiment  is  to  study  the 


the  range  of  1300-  1800°C. 


Composite  powders  with  an  overall  composition  of  -36/64  SiO;/Si)N4  were 
synthesized  by  the  procedure  used  for  Series  II  composite  powders.  (See  Appendix  B for 
detailed  procedure.  The  amounts  of  various  components  used  were:  A = 0.0720  g,  B = 


7.2050  g,  C = 443  ml,  D - 9.698  g,  and  E - 209  ml.)  These  powders  were  consolidated 
to  form  compacts  using  the  procedure  described  in  Section  3.4.1  for  Scries  II  composite 
powders.  The  compacts  were  pre-sintered  in  a quartz  tube  furnace1  at  800°C  for  2 h in 
flowing  (-50  em’/min)  nitrogen.  One  of  the  samples  was  then  sintered  sequentially  in  the 
temperature  range  of  1300  - I800”C  (heating  rate  was  ~10°C/min  and  dwell  time  was  -2 
h at  each  temperature)  in  flowing  (-60  cm3/min)  nitrogen.  The  heat  treatments  in  the 
temperature  range  of  1300  - 1S00°C  were  carried  out  in  an  alumina  tube  furnace1  while 
the  treatments  at  higher  temperatures  were  carried  out  in  a box  furnace1.  Prior  to  each 
heat  treatment,  the  sample  was  encapsulated  in  a loose  packing  of  a SiOj  + SijN4  powder 


mixture'  in  an  alumina  crucible.  Density  measurements  were  earned  out  on  the  sintered 
sample  by  the  Archimedes  displacement  method  using  water  as  the  medium.  X-ray 
diffraction  (XRD)  patterns  were  obtained  using  a diffractometer1  with  Ni-filtcred  CuKct 
radiation  and  a scan  rate  of  37min.  Data  was  collected  in  the  20  range  of  1 0°  - 60”. 


Table  N-I  shows 
sintered  at  various  tempo 

N-3-  Results  and  Discussion 

ramies.  Table  N-I  shows  that  there  was  vety  little  (<1%)  weight 

change  during  heat  treatments  upto  1600°C.  However,  heating  to  higher  temperatures  led 


to  increasingly  signifies: 

nt  weight  losses  and  to  corresponding  increases  in  apparent 

densities.  The  weight  los 

ses  may  be  attributed  to  the  volatilization  of  SiO;  as  SiO  vapor. 

Ekstrom  and  Nygren  [Eks92)  hot-pressed  mixtures  of  SiO;  and  SijN4  to  form  oxynitride 


ceramics.  They  found  tht 

It  weight  loss  during  sintering  (at  temperatures  >I600°C)  can  be 

suppressed  by  increased  r 

litrogen  pressures  (at  least  -1  MPa)  combined  with  the  use  of  a 

protective  bed  of  SiO;  + 

SirN»  (1:1  mole  ratio)  around  the  green  body.  In  the  current 

investigation,  the  weight: 

loss  is  presumably  due  to  the  removal  of  SiO  vapor  formed  due 

to  the  relatively  low  nitre 

>gen  pressures  (-0.15  MPa)  used  in  the  sintering  experiments. 

decrease  in  the  concentral 

tse  in  apparent  density  values  may  also  be  attributed  to  the 
lion  of  the  SiO;  phase  in  the  compact.  In  order  to  estimate  the 

effect  of  Si02  loss  on  th 

e apparent  density,  it  was  assumed  that  the  composition  was 

36/64  at  I300°C.  (The  tr 

ue  density  of  this  composite  was  calculated  to  be  2.834  g/cm\ 

assuming  the  theoretical 

density  of  SiO;  and  SijN,  to  be  2.20  and  3.19  g/cmJ, 

respectively.  This  is  in  reasonable  agreement  with  the  apparent  density  value  of '2.844 


g/cmJ  determined  by  the  / 

krehimedes  method.)  It  is  further  assumed  that  the  weight  loss 

at  higher  temperatures  is 

entirely  due  to  the  volatilization  of  SiO;  as  SiO.  (This  is  not 

he  removal  of  some  residual  OH  groups  in  the  SiO;  phase  may 

also  contribute  to  the  w 

eight  loss.  However,  this  contribution  is  presumed  to  be 

Table  N-I.  Sample  Weights  and  Densities  for  Heat-Treated ; 


Unll';,.'»"-  V WejjhTfej  Pi,,  !!■ 'em 'l  Open  1’oro^ity  (''..it  p.„1,j~^7T 


Table  N-ll.  Estimated  and  Measured  Densities 


2.836 

2.839 

2.847 


rmperatures.  (The 


negligible.)  The  true  density  of  the  composite  was  then  calculated 
composition  assuming  the  theoretical  density  of  SiC>2  and  SijN4  tc 
g/cm\  respectively.  Table  N-1I  shows  the  comparison  between 
densities  and  the  measured  apparent  densities  for  various  sintering  t 
data  for  the  1800°C  heat  treatment  is  not  reported  since  the  sample  had  cracked  during 
heating.)  The  two  values  are  in  reasonable  agreement  for  temperatures  in  the  range  of 
1300  - 1650°C.  The  estimated  density  is  slightly  higher  than  the  apparent  density  for  the 
sample  heated  at  1750”C.  One  of  the  possible  reasons  for  this  difference  may  be  a small 
error  in  sample  weight  measurement.  During  the  1750°C  heat  treatment,  the  ~6%  weight 
loss  was  also  accompanied  by  a -5%  reduction  in  open  porosity.  Since  this  temperature 
is  above  the  melting  point  of  pure  SiOj,  it  is  likely  that  densification  occurred  by  liquid 
phase  sintering.  This  hypothesis  is  also  supported  by  the  formation  of  p-SijN4,  as 
described  in  the  next  paragraph.  The  sharp  increase  in  open  porosity  at  I800°C  is 
presumably  due  to  the  voids  resulting  from  the  catastrophic  loss  of  Si02. 

Figures  N-l  - N-6  show  the  XRD  plots  for  the  samples  heat  treated  at  1400,  1500, 
1600,  1650,  1750,  and  1800"C,  respectively.  Tables  N-III  - N-VIII  show  the  list  of  XRD 
peak  intensities  for  the  same  samples  and  for  reference  Si3N4  samples.  The  weight 
fractions  of  o-Si3N4  and  p-SijN4  were  determined  from  the  XRD  patterns  using  the 
method  of  Gazzara  and  Messier  [Gaz77J  as  described  below.  The  intensities  of  the  (210) 
ascs  were  designated  as  Uaio)  (at  20  * 35.3°)  and  Ipaior  (at  29  a 


peaks  for  the  two  phases  were  desi| 
36. 1 °),  respectively.  The  intensity  rat 
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Figure  N-l . XRD  plot  for  36/64  SiOj/SijN,  composilc  powder  compact  sintered  at  I400°C  for  2 h in  nitrogen. 
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Figure  N-S.  XRDpIol  for  36/64  SiOj/Si,N4( 
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Table  N-I1I.  List  of  XRD  Peaks  for  36/64  Composite  Sample  Heated  at  1300°C. 


1400°C. 


Table  N-V.  List  of  XRD  Peaks  for  36/64  Con 


nplc  Healed  al  1500°C. 


4(A) 


2B  (degrees) 


Si.Ni  Kelcrcnce  Peaks  |JCI’-p;U[ 

d(A)  28  (degrees)  1 / 1,  Phase 


it  of  XRD  Peaks  for  36/64  Composite  Sample  Heated  at  16S0°C. 
ital  Data  SiiN,  Reference  Peaks  [JCP-patl 


Table  N-VII.  List  of  XRD  Peaks  for  36/64  Composite  Sample  Healed  al  1750°C. 


Experimental  Data 

SUN,  Reference  Peaks  |JCP-pat| 

d(A)  20  (degrees)  I/I. 

d(A)  20  (decrees)  1 / 1.  Phase 

The  weigh!  fraction  of  ihc  P-Si3N4  phase  was  then  calculated  from  the  R value  using  a 
standard  plot  repotted  by  Gazzara  and  Messier  [Gaz77].  (It  is  noted  that  this  approach 
neglected  any  grain  orientation  that  may  be  present  in  the  sample.  Since  the  starting 
SijN»  core  particles  were  relatively  equiaxed  and  no  external  load  was  applied  during 
sintering,  it  may  be  reasonable  to  expect  that  the  Si3N4  in  the  composite  samples  did  not 
contain  any  significant  preferred  orientation.)  The  relative  amounts  of  the  p-Si3N4  phase 
were  calculated  to  be  S.4%  and  21.9%  corresponding  to  heat  treatments  at  1750  and 
I800°C,  respectively.  The  presence  of  the  P-Si3N4  at  these  temperatures  indicates  that 
some  of  the  ct-Si3N4  seemingly  dissolved  in  the  molten  SiO>  phase  and  re-precipitated  as 
p-Si3N4.  It  also  suggests  that  the  slight  densification  that  occurred  at  1750°C  was 
presumably  due  to  mass  transport  through  the  liquid  (SiOj)  phase.  Larker  [Lar92]  and 
Ekstrom  and  Nygren  [Eks92]  also  reported  the  formation  of  P-Si3N4  in  Si02  + a-Si3N4 
mixtures  pressure  sintered  at  temperatures  2 1700°C.  Larker  [Lar92]  carried  out  reaction 
sintering  of  mixtures  of  Si02  and  Si3N4  by  HIPing  in  the  temperature  range  of  1700°C  to 
1950”C.  It  was  found  that  conversion  to  oxynitride  increased  steeply  from  a level  of  -5% 
at  1700°C  to  >80%  at  I800°C  and  that  it  increased  a few  percent  further  at  higher 

partly  attributed  to  the  depletion  of  SiOj  (by  the  volatilization  reaction)  occurring  at  these 
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